Properties of Elementary Particle Fluxes

in Primary Cosmic Rays Measured with Alpha Magnetic
Spectrometer (AMS) on the ISS
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AMS is a space version of a precision detector
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AMS is a unique magnetic spectrometer in space
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Cosmic rays are defined by:

Energy (E in units of GeV)
Charge (Z - location on the periodic table: H Z=1, He Z=2, ...)
Rigidity (R=P/Z in units of GV)




Calibration at CERN

with different particles at different energies
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Unique properties of AMS:

Use the Space Station data to verify detector performance at TeV range
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Verification of rigidity measurement with different part of the detectors



Unique properties of AMS:

Accuracy of
the rigidity scale
L eascey

e ¢ 11<E<13 GeV |

—— e parameterization

o ECALY
The accuracy of the rigidity scale is found to be 0.033
TV-1, limited mostly by available positron statistics.

The scale is stable over time.
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On the O_rigihs of Cosmic Rays

New Astrophysical Sgurces: Pulsars, ... ' : ~
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Measurement of these elementary particles ( p,D,e", e’ ) is a major tool to
| search for new physics in space | S Lok



Latest AMS Measurement of the proton spectrum

Latest results — 1 billion
The result shows progressively hardening above 200GeV and

in agreement with previous publication (PRL 114, 171103 (2015)).
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The Spectra of Protons and Electrons

ox R [m2.-sr!-s1. GV

10°
Rigidity [GV]

and Electrons are accelerated in SNR in a similar way
Electrons lose energy much faster than proton during propagation
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Fit to the data
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The electron flux can be described by two power law functions:

®,-(E) = S(E)[Ca(E/Ea)y“ + Cb(E/Eb)Yb]

low-energy Power Power b
] law

law a

What is the origin of power law a and power law b?
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AMS Measurement of Electron and Positron Flux

Latest results — 28M electrons and 1.9 M positrons
PRL 122, 041102(2019) and PRL 122, 101101 (2019)
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Positron spectrum is not consistent with pure secondary origin of positron14
in cosmic ray.



CEV, E < Eo}

Fits of the datato @ ,+(E) = CE"(E/Ey)%, E >E,.

(a) An excess above (b) A sharp drop-off at
_wEo=25.211.8GeV » Eo = 28470 GeV
L ? o N
:"’-' 15%— E 25[ EE
£ £ £
% 1k T 20f
N g ¢
ne:d,wi o 15:
uw ; uu 10:
3 Energy [GeV] C | Energy [GeV]
11 =T 25—I-I“ : 1?0 .
— B -
'u) B I
% b $
5L i :’
o i |
E 151 :
> B 1
Q B 1
g R I
» 10 !
me : | ;
w 50 25.2/GeV 2841 GeV
- . | |
N Energy [GeV] :
0'- ol Lol A PR bl
1 10 100 1000

15

15



The positron flux is the sum of low-energy part from cosmic ray collisions plus

a high-energy part from a new source or dark matter both with a cutoff energy E..

Collisions New Source or Dark Matter
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Different sources of Electrons and Positrons
the electron spectrum comes from two power law contributions.
The positron flux is the sum of low-energy part from cosmic ray collisions plus
a high-energy part from a new source or dark matter both with a cutoff energy E..
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The Spectra of and Positrons

* Protons and positron have very different origin and propagation history:
* Secondary positrons: softer than proton due to diffusion and energy loss
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* From ~60 GV, Positron and have very similar rigidity dependence

e Starting from ~280 GeV, two flux start to show significant deviation: Positron flux shows drop-off



e*/p flux ratio

Positron-to-Proton Flux Ratio
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From ~60 GeV , Positron and have very similar rigidity dependence

Starting from ~250 GeV, positron to proton flux ratio shows drop-off

These behavior are not explained by current CR models: Primary source of High energy
positron with finite energy cutoff.
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Antiproton Measurements with AMS

The Antiproton Flux is of the
Proton Flux.

A percent precision experiment requires
background rejection close to

- Tracker: Measure rigidity, separate
antiprotons from protons

- TRD & ECAL: reject electron background

- TOF & RICH: select down going particle
and measure velocity

- A charge confusion estimator A was
built with information from tracker and
TOF, to reject protons measured as
negative rigidity.

R =-363 GV antiproton
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Antiproton Identification
Particle identification with multiple subdetectors
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Antiproton identification at High Energy

* At highrigidities, number of antiprotons are obtained by a fit to data sample in (Argrp — Acc) plane
* Precision determination of Signal and Background events:

* Antiproton Signal are clearly identified in the signal region

* Electron : identified by TRD estimator Atrp

* Proton Charge Confusion: identified by Charge Confusion estimator

TRD Estimator Projection Charge Confusion (CC) Estimator Projection

TRD Estimator > 0.7

iZbd,éjO] 'G\ll | CC Estimator > 0.6
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More than 3500 antiprotons above 100 GV

be compared with 3 from all other experiments. 22



Precision study of the properties of antiproton flux

If p are secondaries produced in ISM, their rigidity dependence should be different than p:
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* AMS observed for the first time that above 60 GV, p and p have identical
Rigidity dependence: Not consistent with only secondary antiproton

23
produced from proton interaction with ISM.



Antiproton-to-Proton flux ratio
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Starting from 60GeV, the flux ratio is surprisingly flat up to 525 GV.

Fit to a power law in the range [60,525] GV:

Distinctly different from the flux ratio of secondary/primary nuclei and traditional
CR models, which predict a decreasing with power law index -0.2 to -0.3 .



Interpretation of Antiproton-to-Proton flux ratio

Latest conventional cosmic-ray models do not agree with the precision AMS data:
Example:
I. Cholis et. al. PRD 99, 103026 (2019)
A. Cuoco et. al. PRD 99, 103014 (2019)
A.Reinert, M.Winkler JCAP (2018) 055

P/ flux ratio

A.Reinert, M.Winkler JCAP (2018) 055
(Fit to AMS-02 B/C and antiproton data)
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Precision and comprehensive data from AMS allows for exploration of new phenomena
25




W
o

N
()]

E° o[m? sr! s GeV?
—h N
(8)] o

-t
o

a1

The Antiprotons and Positrons Spectra

—14
- AMS-02 Antiproton C
12
« AMS-02 Positron C
[IIHI I —10
] -8
ﬁ*****"“;*** I | -
— 6
oo+ _ i C
o.. e **'* - -_ 4
o ’06 p C
. — 2
L IEnergy [GeV]I F
1 10 10° 10°

*The similarity between antiproton and positron indicate a primary source of positron and antiprotons.
*Their behavior is inconsistent with pulsar origin of positrons
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Antiproton-to-positron ratio

i

p/e* Flux Ratio

* AMS-02
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The antiproton-to-positron flux ratio is flat up to
525 GV. Fit to a power law in the range [65,525]
GV:

In contrast: electron have much softer spectrum
and the p/e- flux ratio is continuously rising.
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Antiproton and Positron to 2028
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By taking more data, AMS will improve the accuracy of these measurements and
extend to higher energies. 28



Conclusion: Unexpected Properties of elementary particle fluxes
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The spectra of positrons, antiprotons, and protons are nearly identical
in a large energy range [60, 500] GV
Positron spectrum shows drop-off above ~280 GeV.
New source of high energy positron and antiproton in cosmic rays.
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Properties of elementary particle fluxes
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1. The spectra of positrons, antiprotons, and are nearly identical

in a large energy range [60, 500] GV
2. Positron spectrum shows a sharp drop-off above ~280 GeV.

3. spectrum exhibits different rigidity dependence.
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At high energies positrons come from

dark matter or new astrophysical sources with a cutoff energy E..
2
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* AMS positrons (data-collision term)

The cutoff energy E, = 810%33 GeV
is established with a confidence of +
more than 99.99%.
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A finite energy cutoff of the source term E, = 8103 GeV,
is established with a significance more than 99.99%.

2 Collisions Source
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Physics of cosmic electrons to 2028
What is the origin of power law a and power law b?
Is there a cutoff for electrons at higher energies?
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No source term in the electron spectrum

®,-(E) = Cs (E/41.61 GeV)"s exp(—E /Es)
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Positron Anisotropy and Dark Matter

Astrophysical point sources like pulsars will imprint a higher
anisotropy on the arrival directions of energetic positrons
than a smooth dark matter halo.

The anisotropy in galactic coordinates

Events/pixel Events/pixel

Currently at 95% C.L.: positrons: 0 < 0.019
for 16<E<350 electrons: 0 < 0.005 -



Positrons and Dark Matter by 2028
AMS will provide the definitive answer on the nature of dark matter
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Separation of Positive and Negative Charges

At high rigidities it is particularly important to ensure that the
charge sign of antiproton is correctly identified in the tracker.
A charge confusion estimator was build with information from
tracker and TOF, to reject misidentified protons
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