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Precision measurements of cosmic ray positrons are presented up to 1 TeV based on 1.9 million
positrons collected by the Alpha Magnetic Spectrometer on the International Space Station. The positron
flux exhibits complex energy dependence. Its distinctive properties are (a) a significant excess starting from
25.2 + 1.8 GeV compared to the lower-energy, power-law trend, (b) a sharp dropoff above 2841’3 GeV,
(c) in the entire energy range the positron flux is well described by the sum of a term associated with the
positrons produced in the collision of cosmic rays, which dominates at low energies, and a new source term
of positrons, which dominates at high energies, and (d) a finite energy cutoff of the source term of
E, = 810:3;8 GeV is established with a significance of more than 4. These experimental data on cosmic
ray positrons show that, at high energies, they predominantly originate either from dark matter annihilation

or from other astrophysical sources.

DOI: 10.1103/PhysRevLett.122.041102

The precision measurement of the positron flux
in primary cosmic rays with the Alpha Magnetic
Spectrometer (AMS) on the International Space Station
(ISS) is presented with a particular emphasis on its behavior
at high energies. The measurement is based on 1.9 million
positrons collected by AMS from May 19, 2011 to
November 12, 2017. This corresponds to a factor of three
increase in statistics compared to our earlier results pub-
lished four to five years ago [1,2]. Complementary to the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

present data, we have also published the observation of
low-energy (<50 GeV) complex time structures in cosmic
ray electron and positron fluxes during the same period as
covered in this Letter [3]. Studies of light cosmic ray
antimatter species, such as positrons, antiprotons, and
antideuterons, are crucial for the understanding of new
phenomena in the cosmos [4], because the yield of these
particles from cosmic ray collisions is small. Our published
data have generated widespread interest and discussions of
the observed excess of high-energy positrons. The explan-
ations of these results included three classes of models:
annihilation of dark matter particles [5], acceleration of
positrons to high energies in astrophysical objects [6], and
production of high-energy positrons in the interactions of
cosmic ray nuclei with interstellar gas [7]. Most of these
explanations differ in their predictions for the behavior of
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cosmic ray positrons at high energies. The comprehensive
paper on results for all elementary particles from the first
6.5 years of AMS operations, which includes details of the
analysis and comparison with theoretical models, will be
presented in a separate publication [8]. In this Letter, we
present a precise measurement of primary cosmic ray
positrons up to 1 TeV and analyze the observation of
changing behavior of the cosmic ray positron flux. These
experimental results are crucial for understanding the origin
of high-energy positrons in the cosmos.

Detector.— The description of the AMS detector is
presented in Ref. [9]. The key detector elements used for
the present analysis are the transition radiation detector
(TRD) [10], the time of flight (TOF) counters [11], the
silicon tracker [12], the permanent magnet [13], and the
electromagnetic calorimeter (ECAL) [14]. AMS also has an
array of 16 anticoincidence counters [15] and a ring imaging
Cerenkov detector [16]. The detector performance on orbit is
continuously monitored and it is steady over time.

The tracker accurately determines the particle trajectory
and measures the rigidity R (momentum divided by
charge), the charge |Z| in elementary charge units, and
the charge sign of cosmic rays by multiple measurements of
the coordinates in the magnetic field and the particle energy
loss in the silicon layers. The tracker has nine layers, the
first L1 at the top of the detector, the second L2 above the
magnet, six L3 to L8 within the bore of the magnet, and
the last L9 above the ECAL. L2 to L8 constitute the inner
tracker. For |Z| =1 particles the maximum detectable
rigidity is 2 TV over the 3-m lever arm and the charge
resolution is AZ = 0.05. The TOF measures |Z| with a
resolution AZ = 0.05 and velocity f with a resolution
of AB/B* =4%. The TRD separates positrons et from
protons p using a Arp estimator constructed from the ratio
of the log-likelihood probability of the e* hypothesis to
that of the p hypothesis in each layer [1]. The three-
dimensional imaging capability of the 17 radiation length
ECAL allows for an accurate measurement of the e®
energy and of the shower shape. The e* energy, E, is
calibrated at the top of AMS. An ECAL estimator Agcay,
[17] is used to differentiate e* from p by exploiting their
different shower shapes.

The entire detector has been extensively calibrated in a
test beam at CERN with e™ and e~ from 10 to 290 GeV/c,
with p at 180 and 400 GeV/c, and with 7 from 10 to
180 GeV/c, which produce transition radiation equivalent
to p up to 1.2 TeV/c. Measurements with 18 different
energies and particles at 2000 positions were performed. A
Monte Carlo program based on the GEANT4 10.1 package
[18] is used to simulate physics processes and signals in
the detector.

Event selection.—AMS has collected 1.07 x 10! cosmic
rays in the first 6.5 years of operation. The data collection
time used in this analysis includes only those seconds
during which the detector was in normal operating

conditions, AMS was pointing within 40° of the local
zenith, and the ISS was outside of the South Atlantic
Anomaly. Because of the influence of the geomagnetic
field, this collection time for galactic cosmic rays increases
with rigidity reaching 1.51 x 10% s above 30 GeV.

Selected events are required to be downward going with
f > 0.8, to have a reconstructed shower in the ECAL with a
matched track in the tracker and the TRD. For the analysis
of the high-energy range, E > 290 GeV, the track is
required to pass through either L1 or L9. Track fitting
quality criteria y?/d.o.f. < 20 both in the bending and
nonbending planes are applied to ensure good accuracy of
the track reconstruction. The charge measurements in the
TOF and the tracker are required to be consistent with
|Z| = 1.

The energy E is required to be greater than 1.2 times the
maximum Stgrmer cutoff [19] within the AMS field of
view. An alternative procedure, with the cutoff calculated
by backtracing particles from the top of AMS out to 50
Earth’s radii [20] using the most recent International
Geomagnetic Reference Field [21], yields the same results.

Events satisfying the selection criteria are classified into
two categories—positive and negative rigidity data sam-
ples. In this Letter, we consider only the positive rigidity
sample, which comprises positrons, background protons,
and charge confusion electrons, that is, electrons which are
reconstructed in the tracker with positive rigidity due to the
finite tracker resolution or due to interactions with the
detector materials.

The combination of information from the TRD, tracker,
and ECAL enables the efficient separation of the positron
signal events from these background sources using a
template fitting technique. An energy dependent cut
on Agcar, 1s applied to remove the bulk of the proton
background.

To distinguish positrons from charge confusion elec-
trons, a charge confusion estimator A¢. is defined using the
technique similar to that of Ref. [22], as presented in the
Supplemental Material [23] including Fig. S1. The number
of positrons and its statistical error in each bin are
determined by fitting signal and background templates to
data by varying their respective normalizations. The two-
dimensional (Agp — Ag) distribution is used to construct
the templates. To fit the data, three templates are defined.
The first two are for the positrons and protons reconstructed
with correct charge sign; the last one is for the charge
confusion electrons. The signal template is identical for
positrons and for electrons if they are reconstructed with the
correct charge sign, and therefore the positron signal
template is taken from high purity electron data below
100 GeV and from electron Monte Carlo simulation
above 100 GeV. The charge confusion electron background
template is from Monte Carlo simulation. The e*
Monte Carlo simulation is verified by the e* test beam
data from 10 to 290 GeV, and by the AMS e~ datato 1 TeV.
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The proton background template is taken from high purity
proton data.

An illustration of the fit to the data in the energy range
[370-500] GeV is shown in Fig. S2 of the Supplemental
Material [23]. The projections of the 2D data distribution
onto the Appp and A¢ axes are shown together with the
signal and background contributions.

In total, 1.9 million positrons are identified in the energy
range from 0.5 GeV to 1 TeV.

Data analysis.—The isotropic positron flux for the
energy bin E; of width AE; is given by

N;

o, =
A1+ 6)TAE;

(1)
where the energy is defined at the top of AMS. The same
energy binning as in our previous publications [2] is used.
N, is the number of e in bin i corrected for the small bin-
to-bin migration using the unfolding procedure described
in Ref. [24]. A; is the corresponding effective acceptance
that includes geometric acceptance, and the trigger and
selection efficiencies, and is calculated from Monte Carlo
simulation. 7 is the data collection time.

The small corrections ¢; are estimated by comparing the
efficiencies in data and Monte Carlo simulation of every
selection cut using information from the detectors unrelated
to that cut. Because these efficiencies are the same for
electrons and positrons, they are calculated from the high
statistics electron samples. The corrections §; are found to
have only a very small energy dependence from —5% at
1 GeV, decreasing to —2.4% at 10 GeV, and becoming
constant at —2.8% above 50 GeV.

The detailed study of the systematic errors is the key part
of the analysis. Five sources of systematic error on the
positron flux are identified.

The first source is related to the uncertainty in the
template definitions, which includes the following two
parts: the event selection and the statistical fluctuations. To
examine the systematic errors associated with the selection,
the selection cuts are varied such that the number of
selected events in the corresponding template vary up to
30%. Each variation yields three redefined templates. The
variation of the number of positrons from the fits with the
redefined templates is used to estimate the associated
systematic error. This error amounts to 3% of the flux at
0.5 GeV, <0.5% between 1 and 500 GeV, and 7% for the
energy bin [700-1000] GeV. The systematic error asso-
ciated with fluctuations is measured by varying the shape
of the templates within the statistical uncertainties. This
error amounts to <1% of the flux below 500 GeV, 6% at
[500-700] GeV, and 11% at [700-1000] GeV. These two
errors are added in quadrature.

The second source is the uncertainty in the magnitude
of the charge confusion. The amount of charge confusion
is well reproduced by the Monte Carlo simulation. The
corresponding systematic error accounts for the small

differences between data and the Monte Carlo simulation.
This error is negligible below 200 GeV, 3% of the flux at
[370-500] GeV, and 18% at [700-1000] GeV.

The third source is the uncertainty in the efficiency
corrections §;. The corresponding error amounts to 4% of
the flux at 0.5 GeV, it decreases to 1.1% at 3 GeV, and
slowly rises to 2.5% at [700-1000] GeV. This includes a
correlated systematic error on the flux normalization, which
is estimated to be 1% of the flux independent of energy.
This 1% error is subtracted in quadrature from the total
systematic error for all the fits in this Letter.

The fourth source is the uncertainty in the magnitude of
the event bin-to-bin migration due to the finite energy
resolution. The bin widths AE; are chosen to be at least two
times the energy resolution to minimize migration effects
[2]. Unfolding the measured fluxes shows that the bin-to-
bin migration is small: the corresponding error is 2% of the
flux at 0.5 GeV and decreases to < 0.2% above 10 GeV.

The fifth source is the uncertainty in the energy scale,
which causes simultaneous shifts of the measured energies.
As discussed in detail in Ref. [17], the energy scale error is
4% at 0.5 GeV, 2% from 2 to 300 GeV, and 2.5% at 1 TeV.

The total systematic error of the positron flux is taken
as the quadratic sum of the four sources: definition of
templates, charge confusion, the efficiency corrections, and
bin-to-bin migration. The energy scale error is treated as an
uncertainty of the bin boundaries.

Several independent analyses were performed on the
same data sample by different study groups [8]. The results
of those analyses are consistent with the results presented in
this Letter.

Results.—The measured positron flux including statis-
tical and systematic errors is presented in Table SI of
the Supplemental Material [23] as a function of the energy
at the top of AMS. The table also includes E values,
calculated for a flux «E~> [25] and the corresponding
energy scale errors. The precision of our data allows an
accurate study of the properties of cosmic positrons without
using the traditional positron fraction, defined as the ratio
®,./(D,+ + D,-), which includes the energy dependence
of the electrons.

The presented results are consistent with our earlier data
[1,2], which were based on 1/3 of the current statistics. The
current results greatly improve the accuracy and energy
reach of our measurement. For instance, the error on the
flux in the previous highest energy bin [370-500] GeV [2]
is reduced from 30% to 12% and the energy reach is
increased by a factor of 2 from 500 GeV to 1 TeV.

Figure 1 shows the measured positron spectrum (i.e., the
flux scaled by E3, E3®,+). In this and the subsequent
figures, the error bars correspond to the quadratic sum of
statistical and systematic errors. As seen, at low energies
from 0.5 to 7.10 GeV there is a significant time variation
of the spectrum due to solar modulation effects [indicated
by a red band [3]]. Starting from 7.10 GeV this variation
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FIG. 1. For display purposes, the positron flux, @, is tradi-

tionally presented scaled by E3. The resulting AMS positron
spectrum, E3<De+, (red data points) is shown as a function of
energy E. The time variation of the flux at low energies due to
solar modulation [3] is indicated by the red band. To guide the
eye, the vertical color bands indicate the energy ranges corre-
sponding to changing behavior of the spectrum: flattening, rising,
and falling spectrum (see text).

gradually vanishes and the average positron spectrum is
flattening from 7.10 to 27.25 GeV (green vertical band).
At higher energies, where solar modulation effects are
small [3], it exhibits a complex structure: a rise from
27.25 to 290 GeV (orange vertical band), a maximum at
~290 GeV followed by a sharp fall.

Figure 2 shows the AMS result together with earlier
experiments [26-31]. The AMS data significantly extend
the measurements into the uncharted high-energy region.

To examine the energy dependence of the positron flux
in a model independent way, the flux spectral index y is
calculated from the equation

/= dllog(®,))/dllog(E)] @
:""I v L | v L ) l'
50 [ - AmS-02
- © PAMELA
i;' a0 o ° Fermi-LAT
= - - MASS
E C . CAPRICE
o 30 AMS-01
E T v HEAT
= a0k I
o 2F waﬁﬁr“”*“ t |
AN _ Eperoy[GeV]
0 1 10 10? 10°

FIG. 2. The AMS positron spectrum (E3®,:) together with
earlier measurements from PAMELA [26], Fermi-LAT [27],
MASS [28], CAPRICE [29], AMS-01 [30], and HEAT [31].

over nonoverlapping energy intervals which are chosen to
have sufficient sensitivity to the spectral index. The energy
interval boundaries are 3.36, 5.00, 7.10, 10.32, 17.98,
27.25, 55.58, 90.19, 148.81, 290, and 1000 GeV that
combine several energy bins defined in Table SI of the
Supplemental Material [23]. The results are presented in
Fig. 3(a). They are stable against the variation of energy
interval boundaries as verified by shifting the boundaries to
higher and lower values by one or two energy bins [see
Fig. S3 of the Supplemental Material [23]]. As seen in
Fig. 3(a), the positron spectral index exhibits complex
behavior. It decreases (softens) rapidly with energy below
~7 GeV. In the energy range [7.10-27.25] GeV, it is nearly
energy independent, with an average y = —2.99 £ 0.01. It
then rises (hardens) to an average y = —2.72 4 0.04 in the
energy range [55.58-148.81] GeV. Above 148.81 GeV
the spectral index experiences significant decrease
reaching y = —3.35 4+ 0.32 in the highest energy interval
[290-1000] GeV.

To determine the transition energy £, where the
spectral index starts rising, we use a double power-law
approximation

o, (&) {C(E/SS.SS GeVY, E<E,;
YT C(E/55.58 GeV) (E/E)Y, E> E,.

A fit to data is performed in the energy range [7.10—
55.58] GeV. The results are presented in Fig. 3(b). The fit
yields Ey =25.2 4+ 1.8 GeV for the energy where the
spectral index increases and y?/d.o.f. = 23/31. The sig-
nificance of this increase is established at more than 6¢, as
illustrated in Fig. S4 of the Supplemental Material [23].
The energy E, corresponds to the start of a significant
excess of the positron flux compared to the lower-energy
trends. Note that the choice of the constant 55.58 GeV,
corresponding to the fit range boundary, defines only the
flux normalization C. It does not affect fitted values of
y and Ay.

To determine the transition energy where the spectral
index starts decreasing, we use Eq. (3) to fit the data in the
energy range [55.58-1000] GeV. The results are presented in
Fig. 3(c). The fit yields E, = 284f2i GeV for the energy of
the spectral energy decrease and y?/d.o.f. = 13/16. The
significance of the spectral index decrease at 284*_’6% GeV is
established at more than 30, as illustrated in Fig. S5 of the
Supplemental Material [23].

This complex behavior of the positron flux (as illustrated
in Fig. 3) is consistent with the existence of a new source of
high-energy positrons with a characteristic cutoff energy,
whether of dark matter [5] or other astrophysical [6] origin.
It is not consistent with the exclusive secondary production
of positrons in collisions of cosmic rays [32].

The accuracy of the AMS data allows for a detailed study
of the properties of the new source of positrons up to 1 TeV.
In this Letter, we present the analysis of the positron
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FIG. 3. (a) The spectral index of the AMS positron flux in

nonoverlapping energy intervals (red data points). The spectral
index has complex energy dependence with a significant
decrease towards higher energies. (b),(c) A double power-law
fit of Eq. (3) to the flux in the energy ranges [7.10-55.58] and
[55.58-1000] GeV, respectively. The red data points are the
measured positron flux values scaled by E3. The fitted functions
are represented by the blue lines. The vertical dashed lines and the
bands correspond to the value and the error of the energies E|,
where the changes of the spectral index occur. The dashed blue
lines are the extrapolations of the power law below E| into the
higher-energy regions. Ay is the magnitude of the spectral index
change, see Eq. (3). The green band in (a) represents the
68% C.L. interval of the minimal model fit of Eq. (4) to the
positron flux (see text).

flux using a minimal model [1,33]. In this model, ®,+ is
parametrized as the sum of a diffuse term and a source term

E2
£
+ Cy(E/E, )" exp(-E/E,)]. (4)

@, (E) = = [C4(E/E, )

The diffuse term describes the low-energy part of the flux
dominated by the positrons produced in the collisions of
ordinary cosmic rays with the interstellar gas. It is char-
acterized by a normalization factor C, and a spectral index
v4- The source term has an exponential cutoff, which
describes the high-energy part of the flux dominated by
a source. It is characterized by a normalization factor Cy, a
spectral index y,, and a cutoff energy E,. In order to account
for solar modulation effects, the force-field approximation
[34] is used, with the energy of particles in the interstellar
space E = E + ¢, , where the effective solar potential ¢,
accounts for the solar effects.

Explicitly, we have chosen the first term of Eq. (4) based
on the general trend of the commonly used cosmic ray
propagation models [32,35,36], even though all have large
uncertainties, but all show a maximum of the spectrum
below 10 GeV. The second term is based on our data in
Figs. 3(b) and 3(c), which show that the spectrum changes
its characteristics at 25.2 GeV, where the spectrum shows
the distinct increase, and at 284 GeV, where the spectrum
shows a sharp dropoff.

The constant E; is chosen to be 7.0 GeV to minimize the
correlation between parameters C,; and y,, and the constant
E, is chosen to be 60.0 GeV to minimize correlation
between the parameters C, and y,. The fit of Eq. (4) to the
measured flux yields the inverse cutoff energy 1/E, =
1.23 4+0.34 TeV~! corresponding to E, = 8107340 GeV
and y?/d.o.f. = 50/68. A complete list of the fit param-
eters is given in Table SII of the Supplemental Material
[23]. All the source term parameters, Cy, y,, and 1/E, are
found to be time independent whereas the solar modulation
parameter ¢,+ and the diffuse flux parameters C; and y,
exhibit some time dependence, as presented in Fig. S6 of
the Supplemental Material [23].

The result of the fit is presented in Fig. 4. As expected,
the diffuse term dominates at low energies and then
gradually vanishes with increasing energy. The source term
dominates the positron spectrum at high energies. It is the
contribution of the source term that leads to the observed
excess of the positron flux above 25.2 + 1.8 GeV. The
dropoff of the flux above 284f§; GeV is very well
described by the sharp exponential cutoff of the source
term. Note that the choice of the E; and E, constants does
not affect the shapes nor the magnitudes of the diffuse and
the source terms shown in Fig. 4. The energy dependence
of the spectral index corresponding to the results of the fit
of Eq. (4) is shown in Fig. 3(a).
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FIG. 4. The fit of Eq. (4) (green line) to the positron flux in the
energy range [0.5-1000] GeV together with the 68% C.L. interval
(green band). The exponential cutoff of the source term is
determined to be 8107740 GeV from the fit. The red data points
represent the measured positron flux values scaled by E. The
source term contribution is represented by the magenta area and the
diffuse term contribution by the gray area. The insert shows
projections of the regions of 1o (green contour), 20 (black contour),
36 (blue contour), and 46 (red contour) significance of the 1/E;
measurement onto the plane of parameters 1/E, — C, (see text).

To study the significance of the 1/E, measurement we
varied all six fit parameters to find the regions in six-
dimensional (6D) parameter space corresponding to the
confidence levels from 1 to 5S¢ with a step of 0.01s. As
an example, the insert in Fig. 4 shows projections of the 6D
regions of lo (green line, 68.26% C.L.), 20 (black line,
95.54% C.L.), 30 (blue line, 99.74% C.L.), and 40 (red line,
99.99% C.L.) onto the plane of parameters (1/E, — Cy).
Detailed analysis shows that a point where the parameter
1/E, reaches O corresponds to a confidence level of 4.07¢;
i.e., the significance of the source term energy cutoff is
established at more than 4o, or that the positron flux in the
entire energy range cannot be described by a sum of two
power-law functions at the 99.99% C.L.

An analysis of the arrival directions of electrons and
positrons was presented in Ref. [1]. A similar analysis was
performed using the positron data of this Letter [37]. The
positron flux is found to be consistent with isotropy; the
upper limit on the amplitude of the dipole anisotropy is
0 < 0.019 at the 95% C.L. for energies above 16 GeV.

In conclusion, we have presented the precision measure-
ments of the positron flux from 0.5 GeV to 1 TeV, with a
detailed study of systematic errors based on 1.9 million
positrons. The positron flux shows complex energy depend-
ence. Its distinctive properties are (a) a significant excess
starting from 25.2 £ 1.8 GeV compared to the lower-energy
trends, (b) a sharp dropoff above 2841?4} GeV, (c¢) in the
entire energy range the positron flux is well described by the
sum of a diffuse term associated with the positrons produced
in the collision of cosmic rays, which dominates at low

energies, and a new source term of positrons, which
dominates at high energies, and (d) a finite energy cutoff
of the source term of £, = 8 lOffég GeV is established with
a significance of more than 4¢. These experimental data on
cosmic ray positrons show that, at high energies, they
predominantly originate either from dark matter annihilation
or from other astrophysical sources.
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