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new astrophysical sources.
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Studies of light cosmic ray antimatter species, such as positrons, antiprotons, and antideuterons,
are crucial for the understanding of new physics phenomena in the universe, since the flux of these
particles from secondary production of primary cosmic ray collisions with intterstellar matter is
small [1]. There has been widespread interest and various explanations [2, 3, 4] of the observed
excess of high energy positrons [5]. Most of these explanations differ in their predictions for the
behavior of cosmic ray positrons at high energies.

In this proceeding we present precision measurements of the positron flux and electron flux
up to 1 TeV measured with the Alpha Magnetic Spectrometer (AMS) on the International Space
Station (ISS) [6]. The measurements are based on 1.9 million positron events collected by AMS
from May, 2011 to Nov, 2017. The AMS observation of distinctive properties of positron fluxes
are crucial for understanding the origin of high energy positrons in the cosmos and for providing
insights into new physics phenomena.

1. AMS-02 Detector

The full description of the AMS detector is presented in Ref. [6] and references therein. The
key detector elements used for the positron analysis are the transition radiation detector TRD, the
time of flight counters TOF, the silicon tracker, the permanent magnet, and the electromagnetic
calorimeter ECAL.

The tracker has nine layers, the first layer, L1, at the top of the detector, the second layer, L2,
above the magnet, six layers, L3 to L8, within the bore of the magnet, and the last layer, L9, above
the ECAL. Together with the magnet, the tracker accurately determines the particle trajectory and
measures rigidity R (momentum/charge). The maximum detectable rigidity, MDR, is 2 TV for
|Z| = 1 particles over the 3 meters lever arm from L1 to L9. The tracker also measure the particle
charge |Z| with charge resolution of AZ ~ 0.05. The TOF measures |Z| with a resolution AZ ~ 0.05
and velocity B with a resolution of AB/B? = 4%. The TRD separates electron (e~) and positron
(e™) from protons (p) using 20 layers proportional tubes. The TRD estimator Arp is constructed
from the ratio of the log—likelihood probability of the e™ hypothesis to that of the p hypothesis
in each layer. The ECAL has 17 radiation length. It’s 3-dimensional imaging capability allows
for an accurate measurement of the positron energy and of the shower shape. To identify positron
from proton, an ECAL estimator Agcar. [7] is used to differentiate e* from p by exploiting their
different shower shapes.

To distinguish positrons from charge confusion electrons, that is, electrons which are recon-
structed in the tracker with positive rigidity, a charge confusion estimator A¢ is defined [6, 8].
This technique allows for efficient separation between positron signal and electron charge confu-
sion background.

The entire detector has been extensively calibrated in a test beam at CERN with measurements
in 18 different energies and particles at 2000 positions. This provides detail understanding of the
performance of the full AMS detector. The calibration is also extended to higher energies with
the cosmic ray proton data. The detector performance on orbit is continuously monitored and it is
steady over time.
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A Monte Carlo program using the GEANT4 10.1 package [9] is developed based on the results
of extensive calibrations both on the ground and in space. This program simulate physics processes
and signals in the detector and provides an excellent description of the data.

2. Positron Measurement

The full analysis procedure for positron flux measurement is described in detailed in Ref. [6].
After event selections, the positive rigidity event sample is comprised of positron signal, proton
background, and charge confusion electron background. The combination of information from
the TRD, tracker, and ECAL enables the efficient separation of the positron signal events from
background events using a template fitting technique. First, to remove the bulk of the proton back-
ground, an energy dependent cut on ECAL estimator Agcar is applied. The number of positrons
in each bin are then determined by fitting signal and background templates to data in the two di-
mensional variable space of (Atrp — A¢) by varying their respective normalization. This method
allows for determination of number of positron signal, proton background and electron charge con-
fusion background events simultaneously from the data sample. In total, 1.9 million positrons in
the energy range from 0.5 GeV to 1 TeV.

The isotropic positron flux for the energy bin E; of width AE; at the top of AMS is calculated

by:
N;
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where N, is the number of ™ in the energy bin i corrected for the small bin-to-bin migration using
the unfolding procedure described in Ref. [10]. A; is the effective acceptance calculated from MC
simulation. 7; is the data collection time. J; is minute corrections estimated by comparing the
efficiencies in data and MC simulation of every selection cut using information from the detectors
unrelated to that cut.

Detailed study of the systematic errors is key part of the analysis. Systematic uncertainties for
the positron flux include uncertainties from: template definition, charge confusion determination,
efficiency correction, bin-to-bin migration and energy scale. These are discussed in detailed in
Ref. [6].

One of the most important systematic error come from electron charge confusion. The level of
charge confusion is determined directly from data using the information from the charge confusion
estimator. The amount of charge confusion is well reproduced by the Monte Carlo simulation. The
electron charge confusion fraction (defined as the fraction of electron events being reconstructed as
positive rigidity after final selection) at 1TV is 8%. The corresponding systematic error accounts
for the small differences between data and the Monte Carlo simulation. This error is negligible
below 200 GeV, 3% at [370 — 500] GeV, and 18% at [700 — 1000] GeV.

The AMS ECAL provide precision energy measurement of positrons [7]. The energy scale
error is 4% at 0.5 GeV, 2% from 2 to 300 GeV, and 2.5% at 1 TeV. This is treated as an uncertainty
of the bin boundaries.

Most importantly, starting from 30 GeV statistical error becomes dominating the total error.
Therefore by continuing taking data, AMS will be able to improve the accuracy of the measurement
and reach into uncharted high energy range.
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3. Distinctive Properties of Positron Flux

Figure 1 shows the measured AMS positron spectrum (defined here as the flux scaled by E?).
The error bars correspond to the quadratic sum of statistical and systematic errors [6]. As seen,
the precision AMS measurement show distinct energy dependence of the positron spectrum: the
average positron spectrum is flattening from 7.10 to 27.25 GeV (green vertical band). from 27.25
to 290 GeV the positron spectrum exhibits significant rise (orange vertical band); at ~290 GeV the
positron spectrum reached a maximum followed by a sharp drop-off (blue vertical band).
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Figure 1: For display purposes, the positron flux, ®,+ is presented scaled by £°. The resulting positron
spectrum, E3®,+, (red data points) is shown as a function of energy E. To guide the eye, the vertical
color bands indicate the energy ranges corresponding to changing behavior of the spectrum: flattening,
rising(hardening), and falling(softening) spectrum.

This complex energy dependence of the positron spectrum can be further studied in a model
independent way by calculating the flux spectral index 7:

Y = d[log(P,+)]/d[log(E)], 2

The AMS positron flux spectral index over non-overlapping energy intervals are presented in Fig. 2.
The positron flux spectral index is not a constant and it exhibits complex behavior as function of en-
ergy. It decreases (soften) rapidly from ~3 GeV to ~7 GeV. In the energy range [7.10 — 27.25] GeV

it reaches a local minimum with an average ¥ = —2.99 +0.01. It then rises(harden) to an local
maximum of 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£0.32 in the highest energy

interval [290 — 1000] GeV.
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Figure 2: The spectral index of the AMS positron flux in non-overlapping energy intervals (red data points).
The spectral index has complex energy dependence with a significant decrease towards higher energies.

To determine the transition energy Ey where the spectral index starts rising, we use a double

power law function:

®, (E) = (3)

C(E/55.58GeV)?, E < Ep;
C(E/55.58GeV)"(E/Ey)*", E > E.

A fit to data in the energy range [7.10 — 55.58] GeV are presented in Fig. 3a. The fit yields Ey =
25.2+1.8GeV for the energy where the spectral index increases, with y2/d.o.f. = 23/31. The
significance of this increase is established at more than 6. The energy E( corresponds to the start
of a significant excess of the positron flux compared to the lower energy trends.
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Figure 3: A double power law fit of Eq. (3) to the flux in the energy ranges [7.10 —55.58] GeV and
[55.58 — 1000] GeV, respectively. The red data points are the measured positron flux scaled by E. The
fitted functions are represented by the blue lines. The vertical dashed lines and the bands correspond to E
and its error. The dashed blue lines are the extrapolations of the power law below Ej into the higher energy
regions. Ay is the magnitude of the spectral index change.

Similarly, to determine the transition energy where the spectral index starts decreasing, a fit
to the data in the energy range [55.58 — 1000] GeV are presented in Fig. 3b. The fit yields Ey =
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2841’2}t GeV for the energy of the spectral index decrease and y2/d.o.f. = 13/16. The significance
of the spectral index decrease at 284Jj2}‘ GeV is established at more than 36.

At energy starting from ~ 10 GeV, the AMS positron flux by far exceeds the contribution from
secondary origin produced from collision of cosmic rays with the interstellar gas [11], primary
source of positrons is needed to describe the observed positron excess. Models to explain the
primary source of cosmic ray positron includes annihilation of Dark Matter particles [2] and other
astrophysical objects like super nova remnants or pulsars [3]. The accuracy of the AMS data allows
for a detailed study of the properties of the new source of positrons up to 1 TeV. As an example we
use a minimal model [5, 6] to analyze the origin of different sources of positron. In this model, the
positron flux @, is parameterized as the sum of a diffuse term and a source term:

E2

q)e+(E) — ﬁ

[Cs(EJE))" + Cy(E/E)" exp(—E/Ey)]. “)
The diffuse term is a power law function, which describes the secondary positrons produced in the
collisions of primary cosmic rays with the interstellar gas. It is characterized by a normalization
factor C; and a spectral index y,;. This contribution is expected to dominate at low energy. The
source term is a power law function with 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 ¥, and a cutoff energy E;. The force-field approximation [12] is used to account for solar
modulation effect such that the energy of particles in the interstellar space £ = E + ¢,+, where @,+
is the effective solar potential. The constant £, and E, does not affect the shapes nor the magni-
tudes of the two contribution and are chosen to be 7.0 GeV and 60.0 GeV respectively to minimize
correlation between parameters. The fit of Eq. (4) to the measured flux yields the inverse cutoff en-
ergy 1/E; = 1.2340.34 TeV~! corresponding to E; = 8107340 GeV and x2/d.o.f. = 50/68. Other
fitted parameters are: Cs = (6.80 + 0.15 ) x10~>[m?srsGeV] ™!, 7, = -2.58 + 0.05, C; = (6.51 +
0.14) x1072[m?srsGeV] ™!, 35 = -4.07 £ 0.06 , @,+ = 1.10 & 0.03 GeV.

The result of the fit is presented in Fig. 4, together with the contribution from different com-
ponents. As seen, the diffuse term (grey filled area) dominates at low energies and gradually
vanishes with increasing energy. The source term (magenta filled area) dominates the positron
spectrum at high energies. This analysis shows that the observed excess of the positron flux above
25.24+1.8GeV is due to the existence of the source term.

The drop-off of the flux above 284 GeV is very well described by the exponential cutoff of the
source term. The existence of a finite energy cutoff is crucial in understanding the nature of the new
high energy source of positrons. To study the significance of the 1/E; measurement, we varied all
six fit parameters to establish confidence levels from 1 to 5o with a step of 0.010. Fig. 5 shows the
projection of the 6-dimension envelope of 10 (green line, 68.26% C.L.), 20 (black line, 95.54%
C.L.), 3o (blue line, 99.74% C.L.), and 40 (red line, 99.99% C.L.) onto the plane of parameters
1/E; — Cs. This study shows that the point where the parameter 1/E; reaches 0 corresponds to
the confidence level of 4.07¢0. Therefore, a source term without a exponential energy cutoff is
excluded at more than at more than 40.
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Figure 4: The fit of Eq. (4) (green line) to the positron flux in the energy range [0.5 — 1000] GeV together
with the 68% CL interval (green band). The red data points represent the measured average positron flux val-
ues over the measurement period scaled by £3. The source term contribution is represented by the magenta
area, and the diffuse term contribution by the grey area.
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Figure 5: The projections of the regions of 10 (green contour), 20 (black contour), 3¢ (blue contour), and
40 (red contour) significance of the 1/E; measurement onto the plane of parameters 1/E; — C; (see text).
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4. Conclusion

In conclusion, we have presented the precision measurements of cosmic ray positrons up to
1 TeV based on 1.9 million positrons. The positron flux exhibits complex energy dependence with
a significant excess starting from 25.2 +1.8 GeV followed by a sharp drop-off above 2844:2‘1‘ GeV.
In the entire energy range the positron flux is well described by the sum of a diffuse term asso-
ciated with low energy secondary positrons produced in the collision of cosmic rays, and a new
source term of high energy positrons with a finite energy cutoff. The finite cutoff energy of the
source term, Ej, is established with a significance of more than 40, and it’s value is determined to
be E; = 810f?§8 GeV. These experimental data shows that, at high energies, cosmic ray positron
predominantly originate either from dark matter collisions or from other astrophysical sources.
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