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The (local) Cosmic Ray spectrum

solar modulation

power law E-2.7

power law E-3

“CR ankle”

“CR knee”

~5 PeV



Cosmic Ray isotropy

δ =
Imax − Imin

Imax + Imin
Cosmic Ray anisotropy: (I -> CR intensity)

measures available 
only above ~500 
GeV -> magnetic 
field of the solar 

system has no 
effect

δ ~ 10-3

the anisotropy 
increases with 
particle energy

CRs are very 
isotropic in the 

sky

figure from
Iyono et al, 2005



Cosmic Ray composition

Gaisser & Stanev, 2005



What we have to explain about CRs:

 Energy density

 Energy spectrum

 Chemical composition

 Isotropy

 Stability in time

 Spatial homogeneity (?)



Galactic or extra-galactic?
Which CRs are confined in the Galaxy?

B ? h

->

->

It depends on the 
values of the magnetic 
field and thickness of 
the halo (both poorly 

constrained...)

Confinement condition:

RL < h

Larmor radius halo size

E(eV)

300 B(G)
= E < 1018

�
h

kpc

��
B

µG

�
eV = 1017 ÷ 1020 eV

1 - 10 0.1 - 10(cm)
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Spectrum and origin of CRs
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galactic extragalacticsolar

“knee”

“ankle”

DM searches

�
=

2.7

�
=

3.0

�
=

2.7LHC (CMS!)

F � E��

mostly 
protons!



A remarkable coincidence

Total CR power in the Galaxy -> PCR = 3× 1040 erg/s

A SuperNova is the explosion of a massive star that releases ~1051 ergs 
in form of kinetic energy. In the Galaxy the observed supernova rate is 

of the order of 1/30 - 1/100 yr-1. 

Total SN power in the Galaxy -> PSN = 3× 1041 erg/s

SuperNovae alone could maintain the CR population provided that about 
10% of their kinetic energy is somehow converted into CRs



TeV emission from SNRs: 
a test for CR origin

above ~ 10 TeV

Detectability condition for HESS

If SuperNova Remnants indeed are the sources of galactic Cosmic 
Rays they MUST be visible in TeV gamma rays

(Drury, Aharonian, and Voelk, 1994) 

WCR > 5× 1047
� ngas

4 cm−3

�−1
d2kpc erg

 10% efficiency -> 1050 erg in CRs

 E-2.1 spectrum

 up to the knee (5 x 1015 eV)

Assumptions...
above ~ 10 TeV

WCR ≈ 3× 1049 erg



TeV emission from SNRs: 
a test for CR origin

RXJ1713 as seen by HESS

Test passed!

This is still not a conclusive proof -> hadronic or leptonic emission?



SNRs in gamma rays

RCW86 (HESS)

Vela Junior (HESS) IC443 (Veritas)

Cas A (Magic)SN 1006

(HESS)



Shock waves
Supersonic motion + medium -> Shock Wave

(SuperNova ejecta)  (InterStellar Medium)

velocity of SN ejecta up to

sound speed in the ISM cs =
�

γ
kT

m
≈ 10

�
T

104K

�1/2

km/s

vej ≈ 30000 km/s

Mach number strong shocksM =
v

cs
>> 1



 

19The cosmic ray puzzle, 100 years after - Moriond 2013 - F. Feinstein, LUPM, Montpellier

Acceleration mechanism
Acceleration by change of referential : shock front referential

Shocked medium Interstellar medium

the main idea is : the probability of frontal hit is higher 

than the opposite  proportional to relative speed→

 → first-order Fermi acceleration mechanism



Diffusive Shock Acceleration
Symmetry

u1 − u2 u1 − u2

Every time the particle crosses the shock (up -> down or down -> up), it undergoes an 
head-on collision with a plasma moving with velocity u1-u2

Asymmetry

(Infinite and plane shock:) Upstream particles always return the shock, while 
downstream particles may be advected and never come back to the shock

Up-stream Down-stream



Diffusive Shock Acceleration
What happens after n cycles?

<
∆E

E
> =

4

3

�v
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�
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4
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v

c

�
Ei

Ei+1 − Ei

Ei
=

particle energy 
at i-th cycle

UP DOWN

Particles can escape 
downstream!

Ei+1 = β Ei

Energy increases by a 
(small) factor beta after 

each cycle



Diffusive Shock Acceleration
What happens after n cycles?

P -> probability that the particle remains within the accelerator after each cycle

after k cycles:

there are                          particles with energy aboveN = N0P
k E = E0β

k

log

�
N

N0

�
= k logP log

�
E

E0

�
= k log β

log(N/N0)

log(E/E0)
=

logP

log β N(> E) = N0

�
E

E0

� log P
log β



Diffusive Shock Acceleration

n(E) ∝ E−1 + log P
log β

logP = log
�
1− u1

c

�
∼ − u1

c

log β = log
�
1 +

u1

c

�
∼ u1

c

n(E) ∝ E−2

UNIVERSAL SPECTRUM



Diffusive Shock Acceleration
Assumptions made:

 strong shock

 isotropy both up and down-stream

 test-particle (CR pressure negligible) 

-> UNIVERSAL SPECTRUM n(E) ∝ E−2

 shock velocity/Mach number

 gas density/pressure

 magnetic field intensity and/or structure

 diffusion coefficient ...

It doesn’t depend on:

 SNR shocks

 turbulent B field

 efficient CR acceleration



Can SNRs accelerate CRs 
up to the knee?

tage200 yr

Emax

∝ tage

very uncertain?

DB(Emax)

v2FE

= tSedov

Emax ≈ 20

�
B

100 µG

��
vFE

109 cm/s

�2 � tSedov

200 yr

�
PeV

YES!



Particle escape from SNRs

tage200 yr

Emax

∝ tage

no particle escape

δ is basically unknown

Emax ∝ t−δ
age

particles with E>Emax 
(accelerated at t<tage) 

escape the SNR



vs

This is a supernova remnant

 PeV particles are accelerated at 
the beginning of Sedov phase 
(~200yrs), when the shock speed is 
high! 

 they quickly escape as the shock 
slows down

 Highest energy particles are 
released first, and particles with 
lower and lower energy are 
progressively released later

 a SNR is a PeVatron for a very 
short time

 still no evidence for the 
existence of escaping CRs

Particle escape from SNRs



Summarizing:

 they can provide the right amount of energy in form of CRs (if 

~10% efficiency)

 they inject CRs in the ISM with (roughly) the spectrum needed 

to explain CR observations (~ E-2.1...2.4)

 they can accelerate CRs (at least) up to the energy of the CR 

knee (~5 x 1015 eV)

SNRs are good candidate sources for CRs because:



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

GCR composition
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Abundances: GCR vs Solar System 

"#!$%&'(%)!*+,-&,*!(%,!+%,*,./!&.!*01%-,*!23456!7,8
9!:/,;;(%!.1-;,0*)./<,*&*
9!=--,;,%(/&0.!&.!:4!*<0->*!2?@AB!)%!(C/,%!.1-;,0*)./<,*&*6!C%0'!%(D&0(-/&E,!+%&'(%)!30F4&8

"#!:,-0.D(%)!*+,-&,*!(%,!(G*,./!0C!*01%-,*!2H&I,I6!:1G7,8
9!$%0D1-,D!D1%&.J!+%0+(J(/&0.!0C!+%&'(%&,*!2-%0**!K@A!J!-'9L! M!N,OF('18
9!$%0+(J(/&0.!/&',*-(;,!2-0.C&.,',./8!K!@A!P)%!C%0'!@AI,!C;1Q

(secondary species to “calibrate” propagation)

II. Facts and questions

Fig. from D. Maurin

Primary species
present in sources
element distribution 
following stellar 
nucleosynthesis
accelerated in supernova 
shockwaves

C

Secondary species 
much larger relative 
abundance than in stellar 
environments
produced by interaction of 
primary cosmic rays with 
interstellar medium

B
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Cosmic ray propagation
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Little known about Galactic magnetic field distribution
Magnetic fields confine CRs in galaxy for
Random distribution of field inhomogeneities

        propagation well described by diffusion equation�
⇥�

⇥t
�⇥ · (D⇥� vc)� +

⇥

⇥p
bloss� �

⇥

⇥p
K

⇥

⇥p
� = qsource

often set to 0 
(stationary config.)

Diffusion coefficient, 

often D � �(E/q)�

convection 

energy 
losses

diffusive 
reacceleration
K � v2

ap2/D

Sources
(primary & 
secondary)

E � 103 TeV



CHARGED (GALACTIC) COSMIC RAYS 
 

are charged particles (nuclei, isotopes, leptons, antiparticles) 
diffusing in the galactic magnetic field 

Observed at Earth with E~ 10 MeV/n – 103 TeV/n 
 
 
1.  SOURCES 

PRIMARIES:  directly produced in their sources 
SECONDARIES:  produced by spallation reactions of primaries on  the 

interstellar medium (ISM) 
 

2. ACCELERATION 
SNR are considered the powerhouses for CRs. They can accelerate particles up 

to 102 TeV 
 
3. PROPAGATION 

  CRs are diffused in the Galaxy by the  inhomogeneities of the galactic magnetic 
field. 

 
+   loose/gain energy with different mechanisms 



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Charged cosmic rays
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a
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e+

DM

DM
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e
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+

GCRs are confined by galactic magnetic fields
After propagation, no directional information is left
Also the spectral information tends to get washed out
Equal amounts of matter and antimatter
     focus on antimatter (low backgrounds!)



Modern Generation: Fermi GST

57



Galaxies

PulsarsStar 
Forming 
Regions

Supernove  
Remants

Fermi-LAT Sky map 
(4-year, >1GeV)

Comes from many standard
 astrophysical contributions

Unidentified
??

The GeV-TeV Gamma-ray Sky



Principle: Use the Earth's Magnetic Field to 
Distinguish e+ and e-

• Pure e+ region is in the west and same for e- in the east

• The regions vary with particle energy and the LAT position

• To locate these regions, we use a code written by Smart, D. F. 
and Shea, M. A.* which numerically calculates a particle's 
trajectory in the geomagnetic field

*Center for Space Plasmas and Aeronomic Research, The University of Alabama in Huntsville

e- blocked while e+ 
allowed from West

e+ blocked while e- 

allowed from East

May 9, 2011 W. Mitthumsiri, C. Sgro, et al. Page 2 / 10



Data

• All data when the Earth limb is within 60 deg from the 
center of the LAT's field of view, up to April 15, 2011 
(~41 days of livetime)

• Logarithmic energy binning, 10 bins per decade, 
starting from 20 GeV

Earth (ZenithAngle=113)

ZenithAngle=50 e- onlye+ only

e+ + e-

(both allowed at all times)

May 9, 2011 W. Mitthumsiri, C. Sgro, et al. Page 3 / 10



Background Subtraction: Fit-Based

• Two Gaussians fit well

• Fitting is stable for e+ + e- and e-, 
but is more challenging for e+ 
because the statistics is lower

e+ + e-

region e- region

e+ region

May 9, 2011 W. Mitthumsiri, C. Sgro, et al. Page 5 / 10



Background Subtraction: MC-Based

• Simulations and data are shown at high-level event selection with an 
inverted criterion because we want to eliminate the signal and keep the 
background for comparison

• Simulations and data in e+ + e- region and e+ region agree within ~15%, 
sufficient for this analysis, which is dominated by statistical uncertainties

e+ + e-

region e+ region

May 9, 2011 W. Mitthumsiri, C. Sgro, et al. Page 6 / 10



e+ and e- Spectra

The ratio of the sum J(e+)+J(e-) and the total flux J(e++e-) being 
compatible with 1 shows that each method is self-consistent

Fit-Based Result MC-Based Result

May 9, 2011 W. Mitthumsiri, C. Sgro, et al. Page 7 / 10



Conclusion

• The Fermi-LAT has measured the cosmic-ray e+ and e- spectra 
separately, between 20 – 200 GeV, using the Earth's magnetic field 
as a charge discriminator

– First measurement of absolute e+ spectrum above 50 GeV

– First published e+ fraction above 100 GeV

• Two independent methods of background subtraction, Fit-Based 
and MC-Based, produce consistent results

• The observed e+ fraction rises
with energy, showing no sign of
decreasing between 100-200 GeV

March 20, 2012             W. Mitthumsiri                    Page 10 / 10



Antimatter Missions in “Space”
PAMELA

2006-

AMS-02
2011-

GAPS
2017?

BESS LDBF
2004, 2007
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GF: 21.5 cm2 sr                
Mass: 470 kg 
Size: 130x70x70 cm3 

Power Budget: 360W 
Today: 2529th day in  
             orbit  

Spectrometer  
microstrip silicon tracking system   +   permanent magnet 
It provides:   
- Magnetic rigidity    R = pc/Ze 
- Charge sign 
- Charge value from dE/dx 

+         - 
PAMELA: high particle identification capabilities 

Time-Of-Flight 

plastic scintillators + PMT: 

- Trigger 

- Albedo rejection; 

- Mass identification up to 1 GeV; 

- Charge identification from dE/dX. 

 

Electromagnetic calorimeter 

W/Si sampling (16.3 X0, 0.6 λI)  

- Discrimination e+ / p,  p-bar / e-  

 (shower topology) 

- Direct E measurement for e- 

 

Neutron detector 
3He tubes + polyethylene moderator: 

- High-energy e/h discrimination 

 



• Antiprotons 80 MeV - 150 GeV
• Positrons 50 MeV – 270 GeV
• Electrons up to 400 GeV
• Protons up to 700 GeV
• Electrons+positrons up to 2 TeV 

(calorimeter alone)
• Light Nuclei (He/Be/C) up to 200 GeV/n
• AntiNuclei search sensitivity of 3x10-8 in He/He

Design Performance

 Simultaneous measurement of many cosmic-ray species 
 New energy range 
 Unprecedented statistics 

F.S. Cafagna, D.P.N.C.  Université de Genève, 8 May 2013 16



F.S. Cafagna, D.P.N.C.  Université de Genève, 8 May 2013

PAMELA: the integration

17
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Resurs-DK1: low energy cutoff orbit 

 

 

• Resurs-DK1 satellite: multi-spectral  
   imaging of Earth’s surface 
• PAMELA mounted inside a pressurized 
  container 
• Launch 15/06/2006 - lifetime >3 years (assisted), 
extended till end of satellite operations 
• Data transmitted to NTsOMZ, Moscow  
  via high-speed radio downlink, ~16 GB / day 
• Quasi-polar and elliptical orbit (70.0°, 350  
   km - 600 km) – from 2010 circular orbit  
   (70.0°, 600 km) 
• Traverses the South Atlantic Anomaly  
• Crosses the outer radiation belts 

Resurs-DK1 
Mass: 6.7 tonnes 
Height: 7.4 m 
Solar array area: 36 m2 

PAM
ELA 

+60º 

- 60º 

Resurs-DK1 

Proton kinetic energy range: 80 MeV – 1.2 TeV 
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Low energy region: many positrons 

Spectral analysis using 
neural networks (MLP) in 
several cutoff and energy 
bins 

0 – 0.75 GV cutoff bin 
2.1 – 2.4 GV rigidity bin 
 
points: real data 
 
lines: fit with simulation MLP 
output shape (GEANT4) 



All particle spectra (from Pamela experiment) 

Credits: Valerio Formato & Mirko Boezio, Pamela Collaboration, 2013 



Antiproton absolute flux 

Apparently no 
extra sources 

Rule out and 
strongly 
constrain many 
models of DM  

S M. Asano, et al, Phys. Lett. B 709 (2012) 128. 
R. Kappl et al , PRD 85 (2012) 123522 
 M. Garnyet al, JCAP 1204 (2012) 033 
D. G. Cerdeno, et al, Nucl. Phys. B 854 (2012) 738 



Antiproton/proton ratio 

Low Energy 
Confirms charge 
dependent solar 
modulation 

High Energy  
Consistent with 
models (Galprop, 
Donato…) 

PRL. 105, 121101, September 13,2010) 
PRL  102:051101,2009  

Simon et al.  
(ApJ 499 (1998) 250) Ptuskin et al.  

ApJ 642 2006 902 

Donato et al.  
(PRL 102 (2009) 
071301) 
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PAMELA positron flux increases above 20 GeV 



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Positrons
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Excess in cosmic ray positron data has triggered great 
excitement:

Are we seeing a DM signal ???

Energy (GeV)
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Muller & Tang 1987  

MASS 1989  

TS93  

HEAT94+95  

CAPRICE94  

AMS98  

HEAT00  

Clem & Evenson 2007  

PAMELA  

Adriani et al., Nature ’09

PAMELA



The Alpha Magnetic Spectrometer 

 on the International Space Station  

S. Ting 
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r 

1 

2 

7-8 

3-4 

9 

5-6 

TRD  
Identify e+, e- 

Silicon Tracker 
 Z, P 

ECAL  
E of e+, e-, γ 

RICH  
 Z, E 

TOF 
 Z, E 

  
Particles and nuclei are defined by their  

charge (Z) and energy (E ~ P) 

 Z, P are measured independently by 
the Tracker, RICH, TOF and ECAL 

AMS: A TeV precision, multipurpose particle physics 
spectrometer in space. 

 Magnet 
±Z 



6 5m x 4m x 3m 

7.5 tons 
Silicon layer 

 

7 Silicon layers 

Silicon layer 

TRD 

TOF 1, 2 

TOF 3, 4 

RICH 

ECAL  

Magnet 

300,000 electronic channels 
650 processors 

Radiators 

11,000 Photo Sensors 



11 05.04.2013 Wim de Boer 
 

 

G.F. 4000 cm2 sr 
Exposure:  17 yrs 

dP/P2 ~ 0.006  1 TV,  h/e = 10-6 (ECAL +TRD); Δx=10µm; Δt=100ps 

3x3x3m, 7 t 



Data from ISS         Time of Flight System 

TOF 1 and 2 

TOF 3 and 4 

Measures Velocity and Charge of particles 

Z=2 Z=6 
σβ=2% 
σTime=80ps 

σβ=1.2% 
σTime=48ps 

x103 

Velocity [Rigidity>20GV] 

Ev
en

ts
 

Velocity [Rigidity>20GV] 
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Plane 4 

3, 4 

H 
He 

Li Be 
B C 

N 
O 

F 
Ne 

Na 
Mg 

Al 
Si 

Cl Ar K 
Ca 

Sc Ti V P S 
Cr 

Fe 

Ni 

Mn 

Zn 





TRD performance on ISS 

TRD estimator 

Pr
ob

ab
ili

ty
 

electron proton 

TRD estimator = -ln(Pe/(Pe+Pp)) 

Normalized 
probabilities 
Pe and Pp 
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Rigidity (GV) 

•  ISS data 

TRD performance on ISS 

70% 
80% 
90% 

εe 



TRD 

TOF 

TRACKER 

TOF 
RICH 

ECAL 

M
AG

N
ET

 

Tracker:  The coordinate resolution is 10 µ          
       Inner Tracker Alignment via  
                    20 –UV Lasers 
                    Outer Tracker Alignment via 
                    Cosmic rays 

1 

5 
6 

3 
4 

7 
8 

9 

2 



There are 9 planes with 200,000 channels aligned to 3 microns  



Tracker Charge 

Li 

Be 

B 

C 

N 

O 

x103 



 
 Ring Imaging CHerenkov (RICH) 

Li 

C 

O 

He 

Ca 

160 GV 

10,880 photosensors 

21,760 Signal Pulses 
to identify nuclei and 

their energy 
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CHARGE MEASUREMENTS 

B 

Ne 

P 

Ca 

Fe 

ToF,  Tracker, RICH performance verified  

at heavy  ion test beam (CERN,GSI) 

Z determination by Tracker and Rich 



50,000 fibers, φ =1mm, distributed uniformly inside 1,200 lb of lead  
which provides a precision, 3-dimensional, 17X0 measurement  

of the directions and energies of light rays and electrons up to 1 TeV 

Calorimeter (ECAL) 



Electromagnetic Calorimeter 
A precision, 17 X0, TeV, 3D measurement of the 

directions and energies of light rays and electrons 

50 000 fibers, f = 1 mm 
distributed uniformly  
Inside 1,200 lb of lead 

e 
Lead foil 
(1mm) 

Fibers 
(f1mm) 

σ (E)    10.6± 0.1
E   √ E 

+(1.25± 0.03)%=
σ (E)    10.6± 0.1

E   √ E 
+(1.25± 0.03)%=

Test Beam Results 

10.4 
+ 1.4% 

Reported by S. Di Falco,  ICRC 
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Separation of protons and electrons with ECAL  

8 January 2013 Positron fraction 

Boosted Decision Tree, BDT: 
19 variables describing 
3D shower shape combined 
(B.Roe et al., NIM A543 (2005) 577) 

 
 protons electrons  εe = 90% 

ISS data: 83–100 GeV 



Data from ISS: Proton rejection using the ECAL 



Tracker Entry 

Tracker Exit 

0.
33

 X
0 
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0.

50
 X

0  

a) Minimal material in the TRD and TOF 
So that the detector does not become a source of e+. 

b) A magnet separates TRD and ECAL so that  e+ produced in TRD will be swept away 
and not enter ECAL 
In this way the rejection power of TRD and ECAL are independent 

c) Matching momentum of 9 tracker planes with ECAL energy  measurements 

Sensitive Search for the origin of Dark Matter with p/e+ >106 

rejection >102 

rejection >104 

TRD!

TOF!

Tr
ac

ke
r!

TOF!
RICH!

ECAL!

e+ 

e+ 

p 

p 

TRD: 

ECAL: 

P 

e+ 

P 

e+ 



TRD!

TOF!

Tr
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r!

TOF!
RICH!

ECAL!

1 

2 

7-8 

3-4 

9 

5-6 

TRD: 5248 Signals 

Silicon Tracker: 
196,608 Signals 

ECAL: 2,916 Signals 

RICH: 10,800 * 2  Signals 

TOF & ACC: 88 Signals 

 Magnet 

AMS Flight Electronics for Data Acquisition (DAQ) 
300,000 channels at 2 KHz,  

650 computers  
designed and built by AMS 



AMS-02 Data 

Pamela Data 

Rigidity (GV) 

Search for structures 
Proton flux 



R (GV) 
To be presented by V. Choutko (8 July, ICRC) 

Helium flux 
Search for structures 

AMS-02 Data 
Pamela Data 



10% of total expected data  

B/
C 

Ra
tio

  
Boron-to-Carbon ratio 

comparison with recent data 



AMS Nuclei Measurement on ISS 
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And to finish...
Grandeur of inferences: Fluxes of individual elements



Positron event selection. 

- DAQ: efficiency > 50% (no SAA)

- Geomagnetic cutoff: 
E>1.2∙max cutoff

- TRACKER: 
- Track quality
- geometrical match with ECAL

shower

- TRD:  at least 15 hits

- TOF: downgoing particle,
β>0.8,      0.8<Z<1.4

- ECAL: 
- shower axis within the fiducial

ECAL volume
- electromagnetic shape of the

shower

TRD 

ECAL 

RICH 

1 

M
AG

N
ET

A
C

C
 Tracker 

2 

3-4 

5-6 

7-8 

9 

424 GeV positron 



TRD estimator TRD estimator 

                                                        

protons positrons 

14 8 January 2013 Positron fraction 

Analysis: 2D fit to measure Ne± and Np 

2D reference spectra for the signal and the background are fitted to 
data in the [TRD estimator- log(E/|P|] plane.  
 
The method combines redundant information from TRD, ECAL, and Tracker; 
and provides much better statistical accuracy compared to cut-based analysis. 



Ev
en

ts
 

TRD Estimator  (83.2-100 GeV) 

protons positrons 

Results of the fit: 
The TRD Estimator shows clear separation between protons and positrons with 

a small charge confusion background 



Results of the fit: in the signal region only 1 % of protons 
Ev

en
ts

 

log10 (E/p) 

Data on ISS 
Fit 
Positron 
Proton 
Charge confusion 
c2/d.f.=0.60 

TRD Estimator  < 0.75 
 (83.2-100 GeV) 



13 8 January 2013 Positron fraction 

Selection efficiency 

●   MC simulation 

Selection efficiency is high, ~90%, and 
uniform in a wide energy range, 2–400 GeV 
         Ne± ≈ 6,800,000          Np ≈ 700,000 



●  Data 
--  MC 

Two sources: large angle scattering and production of secondary tracks along the 
path of the primary track. Both are well reproduced by MC. Systematic errors 
correspond to variations of these effects within their statistical limits. 

Systematic error on the positron fraction:  
5. e+/- Charge confusion 



AMS-02 (6.8 million e+, e− events) 
8% of total Data to 2028 

Po
si

tro
n 

fra
ct

io
n 

e± energy [GeV]  
No fine structure in the spectrum 



Torsten Bringmann, University of Hamburg ‒Indirect detection of dark matter 

Independent confirmation

92

By Fermi (!):
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FIG. 4: Energy spectra for e+, e−, and e+ + e
− (control re-

gion). In the control region where both species are allowed,
this analysis reproduces the Fermi LAT results reported pre-
viously for the total electron plus positron spectrum [20, 21]
(gray). Previous results form HEAT [9] and PAMELA [38]
are shown for reference. The bottom panel shows that the
ratio between the sum and the control flux is consistent with
1 as expected.
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FIG. 5: Positron fraction measured by the Fermi LAT and
by other experiments [7, 14, 16]. The Fermi statistical uncer-
tainty is shown with error bars and the total (statistical plus
systematic uncertainty) is shown as a shaded band.

electron plus positron spectrum (3.08±0.05) [20, 21].
Conclusion. We measured the CR positron and elec-

tron spectra separately between 20 and 200 GeV, using
a novel separation technique which exploits the charge-
dependent displacement of the Earth’s shadow due to
the geomagnetic field. While the positron fraction has
been measured previously up to 100 GeV [15, 16] and
the absolute flux has been measured previously up to
50 GeV [9, 39], this is the first time that the absolute CR
positron spectrum has been measured above 50 GeV and
that the fraction has been determined above 100 GeV.

We find that the positron fraction increases with en-
ergy between 20 and 200 GeV, consistent with results
reported by PAMELA [15, 16]. Future measurements
with greater sensitivity and energy reach, such as those
by AMS-02 [40], are necessary to distinguish between the
many possible explanations of this increase.
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50 GeV, indicating a predominantly decreasing positron
fraction with increasing energy. However, a small excess
in the positron fraction above ≈ 7 GeV was detected by
HEAT and also seen in CAPRICE data, as well as by
AMS-01 [14]. Recently, the PAMELA instrument has
measured a positron fraction that increases with energy
above ∼10 GeV [15, 16] with high precision, confirming
the indications seen in the earlier data.
The best established mechanism for producing CR

positrons is secondary production: CR nuclei interact
inelastically with interstellar gas, producing charged pi-
ons that decay to positrons, electrons, and neutrinos.
However, this process results in a positron fraction that
decreases with energy [4, 17]. The origin of the rising
positron fraction at high energy is unknown and has been
ascribed to a variety of mechanisms including pulsars,
CRs interacting with giant molecular clouds, and dark
matter. See [18, 19] for recent reviews.
The Large Area Telescope (LAT) is a pair-conversion

gamma-ray telescope onboard the Fermi Gamma-ray
Space Telescope satellite. It has been used to measure
the combined CR electron and positron spectrum from
7 GeV to 1 TeV [20, 21]. The LAT does not have a mag-
net for charge separation. However, as pioneered by [22]
and [23], the geomagnetic field can also be used to sepa-
rate the two species without an onboard magnet. Müller
and Tang [23] used the difference in geomagnetic cut-
off for positrons and electrons from the east and west
to determine the positron fraction between 10 GeV and
20 GeV. As reported below, we used the shadow im-
posed by the Earth and its offset direction for electrons
and positrons due to the geomagnetic field, to separately
measure the spectra of CR electrons and positrons from
20 GeV to 200 GeV. In this energy range, the 68% con-
tainment radius of the LAT point-spread function is 0.1◦

or better and the energy resolution is 8% or better.
Region selection and exposure calculation. The Earth’s

magnetic field significantly affects the CR distribution in
near-Earth space. At energies below ∼10 GeV, a signifi-
cant fraction of the incoming particles are deflected back
to interplanetary space by the magnetic field (“geomag-
netic cutoff”). The exact value of the geomagnetic cutoff
rigidity depends on the detector position and viewing
angle. In addition to the geomagnetic cutoff effect, the
Earth blocks trajectories for particles of certain rigidities
and directions while allowing other trajectories. This re-
sults in a different rate of CRs from the east than the
west (the “east-west effect”) [24–26].
Figure 1 shows example trajectories for electrons and

positrons. Positive charges propagating toward the east
are curved outward, while negative charges are curved
inward toward the Earth (Figure 1). This results in a
region of particle directions from which positrons can ar-
rive, while electrons are blocked by the Earth. At each
particle rigidity there is a region to the west from which
positrons are allowed and electrons are forbidden. There
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FIG. 1: Examples of calculated electron (red) and positron
(blue) trajectories arriving at the detector, for 28 GeV parti-
cles arriving within the Equatorial plane (viewed from the
North pole). Forbidden trajectories are solid and allowed
trajectories are dashed. Inset: the three selection regions
(electron-only, positron-only, and both-allowed) for the same
particle energy and spacecraft position as the trajectory traces
(viewed from the instrument position in the Equatorial plane).

is a corresponding region to the east from which electrons
are allowed and positrons are forbidden. The precise size
and shape of these regions depend on the particle rigidity
and instrument location.

We used a high-precision geomagnetic field model (the
2010 epoch of the 11th version of the International Ge-
omagnetic Reference Field [27]) and a publicly available
code [28] to trace charged particle trajectories in the mag-
netic field and determine allowed vs. forbidden regions
for each species. We previously used the same magnetic
field model and tracer code to perform a precise compar-
ison between predicted and measured geomagnetic cutoff
rigidities for the Fermi LAT orbit, finding that the tracer
code accurately predicts the geographical distribution of
the geomagnetic cutoff [29]. We used a static 2010 model
for all of the data analyzed here, which were recorded be-
tween June 2008 through April 2011.

Each particle trajectory is traced backward from the
spacecraft until it reaches 20 Earth radii from the Earth
center or reaches the Earth’s atmosphere, which we ap-
proximate with a 60 km thickness (Figure 1). If the tra-
jectory reaches 20 Earth radii, it is an allowed trajec-
tory. If it reaches the atmosphere, it is a forbidden tra-
jectory. We calculate electron-only, positron-only, and
both-allowed (control) regions for each 30 s time step us-
ing the instantaneous spacecraft latitude and longitude
and the nominal orbital altitude of 565 km. The regions
are determined for each energy bin, with 10 logarithmi-
cally spaced energy bins spanning 20–200 GeV. The 30 s
time step (in which the spacecraft travels ∼ 2◦ longitude)
is sufficient to achieve a finely sampled distribution of
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By AMS:

10 GeV the positron fraction decreases with increasing
energy as expected from the secondary production of
cosmic rays by collision with the interstellar medium.
The positron fraction is steadily increasing from 10 to
!250 GeV. This is not consistent with only the secondary
production of positrons [17]. The behavior above 250 GeV
will become more transparent with more statistics which
will also allow improved treatment of the systematics.

Table I (see also [13]) also presents the contribution of
individual sources to the systematic error for different bins
which are added in quadrature to arrive at the total system-
atic uncertainty. As seen, the total systematic error at the
highest energies is dominated by the uncertainty in the
magnitude of the charge confusion.

Most importantly, several independent analyses were
performed on the same data sample by different study
groups. Results of these analyses are consistent with those
presented in Fig. 5 and in Table I (see also [13]).

The observation of the positron fraction increase with
energy has been reported by earlier experiments: TS93
[18], Wizard/CAPRICE [19], HEAT [20], AMS-01 [21],
PAMELA [22], and Fermi-LAT [23]. The most recent
results are presented in Fig. 5 for comparison. The accu-
racy of AMS-02 and high statistics available enable the
reported AMS-02 positron fraction spectrum to be clearly
distinct from earlier work. The AMS-02 spectrum has the
unique resolution, statistics, and energy range to provide
accurate information on new phenomena.
The accuracy of the data (Table I and [13]) enables us to

investigate the properties of the positron fraction with
different models. We present here the results of comparing
our data with a minimal model, as an example. In this
model the eþ and e# fluxes,!eþ and!e# , respectively, are
parametrized as the sum of individual diffuse power law
spectra and the contribution of a single common source
of e$:

!eþ ¼ CeþE
#!eþ þ CsE

#!se#E=Es ; (1)

!e# ¼ Ce#E
#!e# þ CsE

#!se#E=Es (2)

(with E in GeV), where the coefficients Ceþ and Ce#

correspond to relative weights of diffuse spectra for posi-
trons and electrons, respectively, and Cs to the weight of
the source spectrum; !eþ , !e# , and !s are the correspond-
ing spectral indices; and Es is a characteristic cutoff energy
for the source spectrum. With this parametrization the
positron fraction depends on five parameters. A fit to the
data in the energy range 1–350 GeV based on the number
of events in each bin yields a "2=d:f: ¼ 28:5=57 and the
following: !e# # !eþ ¼ #0:63$ 0:03, i.e., the diffuse
positron spectrum is softer, that is, less energetic with
increasing energy, than the diffuse electron spectrum;
!e# # !s ¼ 0:66$ 0:05, i.e., the source spectrum is
harder than the diffuse electron spectrum; Ceþ=Ce# ¼
0:091$ 0:001, i.e., the weight of the diffuse positron flux
amounts to !10% of that of the diffuse electron flux;
Cs=Ce# ¼ 0:0078$ 0:0012, i.e., the weight of the com-
mon source constitutes only !1% of that of the diffuse
electron flux; and 1=Es ¼ 0:0013$ 0:0007 GeV#1, corre-
sponding to a cutoff energy of 760þ1000

#280 GeV. The fit is
shown in Fig. 6 as a solid curve. The agreement between
the data and the model shows that the positron fraction
spectrum is consistent with e$ fluxes each of which is the
sum of its diffuse spectrum and a single common power
law source. No fine structures are observed in the data. The
excellent agreement of this model with the data indicates
that the model is insensitive to solar modulation effects
[24] during this period. Indeed, fitting over the energy
ranges from 0.8–350 GeV to 6.0–350 GeV does not change
the results nor the fit quality. Furthermore, fitting the data
with the same model extended to include different solar
modulation effects on positrons and electrons yields simi-
lar results. This study also shows that the slope of the
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FIG. 4 (color). (a) Stability of the measurement in the energy
range 83.2–100 GeVover wide variations of the cuts fitted with a
Gaussian of width 1.1%. (b) The positron fraction shows no
correlation with the number of selected positrons.
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FIG. 5 (color). The positron fraction compared with the most
recent measurements from PAMELA [22] and Fermi-LAT [23].
The comparatively small error bars for AMS are the quadratic
sum of the statistical and systematic uncertainties (see Table I
and [13]), and the horizontal positions are the centers of
each bin.
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“Over the coming months, AMS 
will be able to tell us conclusively 
whether these positrons are a 
signal for dark matter, or whether 
they have some other origin”

S. Ting:
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FIG. 1. The e
± spectrum from annihilating DM, after

propagation, for different annihilation final states, assum-
ing 〈σv〉= 3 × 10−26 cm3s−1. Solid lines refer to refer-
ence diffusion zone (L=4kpc) and energy loss assumptions
(Urad + UB = 1.7 eV cm−3). Dashed (dotted) lines show the
effect of a different scale height L=8 (2) kpc. The dash-dotted
line shows the impact of increasing the local radiation plus
magnetic field density to Urad + UB = 2.6 eV cm−3.
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FIG. 2. The AMS positron fraction measurement [2] and
background+signal fit for DM annihilating directly to e

+
e
−,

for mχ = 10GeV and 100GeV. The normalization of the DM
signal in each case was chosen such that it is barely excluded
at the 95% CL. For better visibility, the contribution from
DM (lower lines) has been rescaled as indicated.

of the spectrum depends only marginally on L, it may be
reduced by up to a factor of ∼2 when increasing the as-
sumed local energy losses via synchrotron radiation and
inverse Compton scattering by 50%. In Fig. 2, we show a
direct comparison of the DM signal with the AMS data,
for the case of e+e− final states contributing at the max-
imum level allowed by our constraints (see below) for two
fiducial values of mχ. Again, it should be obvious that
the shape of the DM contribution differs at all energies
significantly from that of the background.
Statistical treatment. We use the likelihood ratio

test [60] to determine the significance of, and limits on,

a possible DM contribution to the positron fraction mea-
sured by AMS. As likelihood function, we adopt a prod-
uct of normal distributions L =

∏
iN(fi|µi,σi); fi is the

measured value, µi the positron fraction predicted by the
model, and σi its variance. The DM contribution enters
with a single degree of freedom, given by the non-negative
signal normalization. Upper limits at the 95%CL on the
DM annihilation or decay rate are therefore derived by
increasing the signal normalization from its best-fit value
until −2 lnL is changed by 2.71, while profiling over the
parameters of the background model.

We use data in the energy range 1–350GeV; the vari-
ance σi is approximated by adding the statistical and
systematic errors of the measurement in quadrature,
σi = (σ2

i,stat + σ2
i,sys)

1/2. Since the total relative error is
always small (below 17%), and at energies above 4GeV
dominated by statistics, we expect this approximation to
be very reliable. The binning of the published positron
fraction follows the AMS energy resolution, which varies
between 10.4% at 1GeV and 1.5% at 350GeV. Although
we do not account for the finite energy resolution of AMS
in our analysis, we have explicitly checked that this im-
pacts our results by no more than 10%.

As our nominal model for the part of the e± spec-
trum that does not originate from DM, henceforth sim-
ply referred to as the astrophysical background, we use
the same phenomenological parameterization as the AMS
collaboration in their analysis [2]. This parameterization
describes each of the e± fluxes as the sum of a common
source spectrum – modeled as a power-law with expo-
nential cutoff – and an individual power-law contribution
(only the latter being different for the e+ and e− fluxes).
After adjusting normalization and slope of the secondary
positrons such that the overall flux reproduces the Fermi
e++e− measurements [61], the five remaining model pa-
rameters are left unconstrained. This phenomenological
parameterization provides an extremely good fit (with a
χ2/d.o.f. = 28.5/57), indicating that no fine structures
are observed in the AMS data. For the best-fit spectral
slopes of the individual power-laws we find γe− & 3.1
and γe+ & 3.8, respectively, and for the common source
γe± & 2.5 with a cutoff at Ec &800GeV, consistent with
Ref. [2]. Subsequently, we will keep Ec fixed to its best-fit
value.

Results and Discussion. Our main results are the
bounds on the DM annihilation cross section, as shown
in Fig. 3. No significant excess above background was
observed. For annihilations proceeding entirely to e+e−

final states, we find that the “thermal” cross section is
firmly excluded for mχ ! 90GeV. For mχ ∼ 10GeV,
which is an interesting range in light of recent results
from direct [62–66] and indirect [67–69] DM searches, our
upper bound on the annihilation cross section to e+e− is
approximately two orders of magnitude below 〈σv〉therm.
We also show in Fig. 3 the upper bounds obtained for
other leptonic final states. As expected, these limits are
weaker than those found in the case of direct annihilation
to electrons – both because part of the energy is taken

Simple observation #1:

Sharp spectral features do exist,  
for leptonic channels, even after 
propagation!

Simple observation #2:

positron fraction as a function of energy decreases by an
order of magnitude from 20 to 250 GeV.

Primary sources of cosmic ray positrons and electrons
may induce some degree of anisotropy of the measured
positron to electron ratio, that is, the ratio of the positron
flux to the electron flux. Therefore, a systematic search for
anisotropies using the selected sample is performed from
16 to 350 GeV.

Arrival directions of electrons and positrons are used to
build a sky map in galactic coordinates, (b,l), containing
the number of observed positrons and electrons. The fluc-
tuations of the observed positron ratio are described by
using a spherical harmonic expansion

reðb; lÞ
hrei

# 1 ¼
X1

‘¼0

X‘

m¼#‘

a‘mY‘mð!=2# b; lÞ; (3)

where reðb; lÞ denotes the positron ratio at (b,l), hrei is the
average ratio over the sky map, Y‘m are spherical harmonic
functions, and a‘m are the corresponding weights. The
coefficients of the angular power spectrum of the fluctua-
tions are defined as

C‘ ¼
1

2‘þ 1

X‘

m¼#‘

ja‘mj2: (4)

They are found to be consistent with the expectations for
isotropy at all energies, and upper limits to multipole
contributions are obtained. We obtain a limit on the am-
plitude of dipole anisotropy on the positron to electron

ratio, " ¼ 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C1=4!

p
, for any axis in galactic coordinates

of " & 0:036 at the 95% confidence level.
In conclusion, the first 6:8' 106 primary positron and

electron events collected with AMS on the ISS show the
following: i. At energies <10 GeV, a decrease in the
positron fraction with increasing energy. ii. A steady
increase in the positron fraction from 10 to (250 GeV.
iii. The determination of the behavior of the positron
fraction from 250 to 350 GeV and beyond requires more
statistics. iv. The slope of the positron fraction versus
energy decreases by an order of magnitude from 20 to
250 GeV, and no fine structure is observed. The agreement
between the data and the model shows that the positron

1 10 210

AMS-02 

-110
Fit to Data 

FIG. 6 (color). The positron fraction measured by AMS fit
with the minimal model. For the fit, both the data and the model
are integrated over the bin width. Even with the high statistics
and high accuracy of AMS, the spectrum shows no fine structure.

TABLE I. Representative bins of the positron fraction as a function of energy. Errors due to stat., statistical error; acc., acceptance
asymmetry; sel., event selection; mig., bin-to-bin migration; ref., reference spectra; c.c., charge confusion; and syst., total systematic
error. For the complete table, see [13].

Energy[GeV] Neþ Fraction #stat #acc #sel #mig #ref #c:c: #syst

1.00–1.21 9335 0.0842 0.0008 0.0005 0.0009 0.0008 0.0001 0.0005 0.0014
1.97–2.28 23 893 0.0642 0.0004 0.0002 0.0005 0.0002 0.0001 0.0002 0.0006
3.30–3.70 20 707 0.0550 0.0004 0.0001 0.0003 0.0000 0.0001 0.0002 0.0004
6.56–7.16 13 153 0.0510 0.0004 0.0001 0.0000 0.0000 0.0001 0.0002 0.0002
09.95–10.73 7161 0.0519 0.0006 0.0001 0.0000 0.0000 0.0001 0.0002 0.0002
19.37–20.54 2322 0.0634 0.0013 0.0001 0.0001 0.0000 0.0001 0.0002 0.0003
30.45–32.10 1094 0.0701 0.0022 0.0001 0.0002 0.0000 0.0001 0.0003 0.0004
40.00–43.39 976 0.0802 0.0026 0.0002 0.0005 0.0000 0.0001 0.0004 0.0007
50.87–54.98 605 0.0891 0.0038 0.0002 0.0006 0.0000 0.0001 0.0004 0.0008
64.03–69.00 392 0.0978 0.0050 0.0002 0.0010 0.0000 0.0002 0.0007 0.0013
74.30–80.00 276 0.0985 0.0062 0.0002 0.0010 0.0000 0.0002 0.0010 0.0014
86.00–92.50 240 0.1120 0.0075 0.0002 0.0010 0.0000 0.0003 0.0011 0.0015
100.0–115.1 304 0.1118 0.0066 0.0002 0.0015 0.0000 0.0003 0.0015 0.0022
115.1–132.1 223 0.1142 0.0080 0.0002 0.0019 0.0000 0.0004 0.0019 0.0027
132.1–151.5 156 0.1215 0.0100 0.0002 0.0021 0.0000 0.0005 0.0024 0.0032
151.5–173.5 144 0.1364 0.0121 0.0002 0.0026 0.0000 0.0006 0.0045 0.0052
173.5–206.0 134 0.1485 0.0133 0.0002 0.0031 0.0000 0.0009 0.0050 0.0060
206.0–260.0 101 0.1530 0.0160 0.0003 0.0031 0.0000 0.0013 0.0095 0.0101
260.0–350.0 72 0.1550 0.0200 0.0003 0.0056 0.0000 0.0018 0.0140 0.0152
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AMS provides data 
i) with extremely high statistics
ii) for which a simple (5 param) smooth  
   BG model provides an excellent fit{

Let’s try a spectral fit!
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~same procedure as for gamma rays...
[profile likelihood; no sliding energy window, 5 params for BG instead of 2]
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FIG. 3. Upper limits (95% CL) on the DM annihilation cross
section, as derived from the AMS positron fraction, for various
final states (this work), WMAP7 (for !+!−) [43] and Fermi
LAT dwarf spheroidals (for µ

+
µ
− and τ+τ−) [42]. The dot-

ted portions of the curves are potentially affected by solar
modulation. We also indicate 〈σv〉therm ≡ 3× 10−26 cm3s−1.
The AMS limits are shown for reasonable reference values of
the local DM density and energy loss rate, and can vary by a
factor of a few, as indicated by the hatched band (for clarity,
this band is only shown around the e

+
e
− constraint).

away by other particles (neutrinos, in particular) and be-
cause they feature broader and less distinctive spectral
shapes. These new limits on DM annihilating to µ+µ−

and τ+τ− final states are still, however, highly competi-
tive with or much stronger than those derived from other
observations, such as from the cosmic microwave back-
ground [43] and from gamma-ray observations of dwarf
galaxies [42]. Note that for the case of e+e−γ final states
even stronger limits can be derived for mχ ! 50GeV by
a spectral analysis of gamma rays [70]. We do not show
results for the b̄b channel, for which we nominally find
even weaker limits due to the broader spectrum. In fact,
due to degeneracies with the background modeling, lim-
its for annihilation channels which produce such a broad
spectrum of positrons can suffer from significant system-
atic uncertainties. For this reason, we consider our limits
on the e+e− channel to be the most robust.
Uncertainties in the e± energy loss rate and local DM

density weaken, to some extent, our ability to robustly
constrain the annihilation cross sections under consid-
eration in Fig. 3. We reflect this uncertainty by show-
ing a band around the e+e− constraint, corresponding
to the range Urad + UB = (1.2 − 2.6) eV cm−3, and
ρ"χ = (0.25− 0.7)GeV cm−3 [59, 71]. Uncertainty bands
of the same width apply to each of the other final states
shown in the figure, but are not explicitly shown for clar-
ity. Other diffusion parameter choices impact our lim-
its only by up to ∼10%, except for the case of low DM
masses, for which uncertainties in the modeling of solar
modulation may be important [51, 72]. We reflect this in
Fig. 3 by depicting the limits derived in this less certain

mass range, where the peak of the signal e+ flux falls
below 5GeV, with dotted (rather than solid) lines.

For comparison, we have also considered a collection
of physical background models in which we calculated
the expected primary and secondary lepton fluxes using
GALPROP, and then added the contribution from all
galactic pulsars. While this leads to an almost identical
description of the background at high energies as in the
phenomenological model, small differences are manifest
at lower energies due to solar modulation and a spec-
tral break [53, 73, 74] in the CR injection spectrum at a
few GeV (both neglected in the AMS parameterization).
We cross-check our fit to the AMS positron fraction with
lepton measurements by Fermi [61]. Using these physical
background models in our fits, instead of the phenomeno-
logical AMS parameterization, the limits do not change
significantly. The arguably most extreme case would be
the appearance of dips in the background due to the su-
perposition of several pulsar contributions, which might
conspire with a hidden DM signal at almost exactly the
same energy. We find that in such situations, the real lim-
its on the annihilation rate could be weaker (or stronger)
by up to roughly a factor of 3 for any individual value of
mχ. We refer to the accompanying material in the Ap-
pendix for more details and further discussion of possible
systematics that might affect our analysis.

Lastly, we note that the upper limits on 〈σv〉(mχ) re-
ported in Fig. 3 can easily be translated into upper limits
on the decay width of a DM particle of mass 2mχ via
Γ % 〈σv〉ρ"χ /mχ. We checked explicitly that this sim-
ple transformation is correct to better than 10% for the
L =4 kpc propagation scenario and e+e− and µ+µ− final
states over the full considered energy range.

Conclusions. In this Letter, we have considered a
possible dark matter contribution to the recent AMS cos-
mic ray positron fraction data. The high quality of this
data has allowed us for the first time to successfully per-
form a spectral analysis, similar to that used previously
in the context of gamma ray searches for DM. While we
have found no indication of a DM signal, we have derived
upper bounds on annihilation and decay rates into lep-
tonic final states that improve upon the most stringent
current limits by up to two orders of magnitude. For
light DM in particular, our limits for e+e− and µ+µ− fi-
nal states are significantly below the cross section naively
predicted for a simple thermal relic. When taken together
with constraints on DM annihilations to hadronic final
states from gamma rays [42] and antiprotons [22], this
new information significantly limits the range of models
which may contain a viable candidate for dark matter
with mχ ∼ O(10)GeV.

The AMS mission is planned to continue for 20 years.
With the total data set, we expect to be able to
strengthen the presented limits by at least a factor of
three in the energy range of 6–200GeV, and by more in
the likely case that systematics and the effective accep-
tance of the instrument improve.

Most stringent existing limits on (light) leptonic states!

}represents uncertainty in
i) local DM density
ii) local radiation density

NB: this method 
gives very robust 
limits ‒ but only 
for spiky signals!
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The agreement between the data and the model shows that the 
positron fraction spectrum is consistent with e± fluxes each of which is 

the sum of its diffuse spectrum and a single common power law source.  
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Fit to Data with Model 
c2/d.f. = 28.5/57 

Data 
e± energy [GeV]  

Fe+  = Ce+ E
−e+ + CsE

−s e-E/Es  
 
Fe-  = Ce- E

−e- + CsE
−s e-E/Es  

Physics Example: Comparing data with a minimal model. 



In conclusion,  
the first 6.8 million primary positron and electron events collected  

with AMS on the ISS show: 
 

I. At energies < 10 GeV, a decrease in the positron fraction with increasing energy. 
 

II. A steady increase in the positron fraction from 10 to ∼250 GeV. 
 

III. The determination of the behavior of the positron fraction from 250 to 350 GeV 
and beyond requires more statistics.  
 

IV. The slope of the positron fraction versus energy decreases by an order of 
magnitude from 20 to 250GeV and no fine structure is observed. The agreement 
between the data and the model shows that the positron fraction spectrum is 
consistent with e± fluxes each of which is the sum of its diffuse spectrum and a 
single common power law source. 
 

These observations show the existence of new physical phenomena,  
whether from a particle physics or an astrophysical origin. 




