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Overview

• (Very) brief introduction to cosmic rays

• The PAMELA experiment

• In-orbit status

• Searching for dark matter

• First results:
• Antiprotons
• Positrons



The discovery of cosmic rays

• Victor Hess ascended to 5000 m in a balloon in 1912

• ... and noticed that his electroscope discharged more 
rapidly as altitude increased

• Not expected, as background radiation was thought to be 
terrestrial

• Nobel Prize in Physics 1936 (with Carl ‘e+’ Anderson)

Kolhorster 1914



Cosmic ray energy spectrum

Top of atmosphere



0 m

~40 km

~500 km

~5 km

Top of atmosphere

Ground

Primary cosmic ray

Smaller detectors 
but long duration. 
PAMELA!

Large detectors but short 
duration. Atmospheric 
overburden ~5 g/cm2. 
All previous data on 
cosmic antiparticles 
from here.

Hess, 1912
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Sign of charge, rigidity, dE/dx

Electron energy, dE/dx, lepton-hadron 
separation

e- p - e+

p (He,...)

 Trigger, ToF, dE/dx

~470 kg / ~360 W

~
1.

3 
m

• Permanent magnet, 0.43 T

• 21.5 cm2sr

• 6 planes double-sided silicon strip 
detectors (300 μm) 

• 3 μm resolution in bending view ⇒ MDR 

~ 1000 GV (6 plane) ~600 GV (5 plane) 

• 44 ‘Si-x / W / Si-y’ planes (380 μm)

• 16.3 X0 / 0.6 λL

• dE/E ~5.5 % (10 - 300 GeV)

• Self trigger > 300 GeV / 600 cm2sr

• 36 3He counters

• 3He(n,p)T; Ep = 780 keV

• 1 cm thick poly + Cd moderator

• 200 μs collection time

• S1, S2, S3; double layers, x-y 

• plastic scintillator (8 mm) + PMT

• ToF resolution ~300 ps (S1-3 ToF >3 ns)

• lepton-hadron separation < 1 GeV/c

• S1.S2.S3 (low rate) / S2.S3 (high rate)

Lepton-hadron 
separation






 
 
 
                 Energy range                 Particles/3 years
Antiproton flux    
 
 
 80 MeV - 190 GeV  
            O(104)

Positron flux
 
 
 50 MeV – 270 GeV
             O(105)   
Electron/positron flux
 
 up to 2 TeV (from calo)

Electron flux 
 
 
 up to 400 GeV                     O(106)
Proton flux 
 
 
 up to 700 GeV
             O(108)

Light nuclei (up to Z=6) 
 
 up to 200 GeV/n                  He/Be/C: O(107/4/5)

Antinuclei search 
 
 
 Sensitivity of O(10-8) in He-bar/He

1 HEAT-PBAR flight ~ 25 days PAMELA data
1 CAPRICE98 flight  ~ 5 days PAMELA data

Design goals

• Unprecedented statistics and new energy range for cosmic ray physics 
• e.g. contemporary antiproton & positron energy, Emax ≈ 50 GeV

• Simultaneous measurements of many species 
• constrain secondary production models



Mirko Boezio, INFN Trieste - San Diego IEEE2006

36 GeV/c 
interacting proton



84 GeV/c
 interacting antiproton



18 GeV/c 
non-interacting antiproton



0.763 GeV/c
antiproton annihilation



92 GeV/c positron 



PAMELA event

13 GV
Interacting helium nucleus



Launch: 15th June 2006, 0800 UTC



Resurs-DK1 satellite + orbit

• Resurs-DK1: multi-spectral 
imaging of earth’s surface
• PAMELA mounted inside a 
pressurized container

• Lifetime >3 years (assisted) 
• Data transmitted to NTsOMZ, 
Moscow via high-speed radio 
downlink. ~15 GB per day

• Quasi-polar and elliptical orbit 
(70.0°, 350 km - 600 km)

• Traverses the South Atlantic 
Anomaly
 
• Crosses the outer (electron) Van 
Allen belt at south pole

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

350 km

610 km

70o

PAMELA

SAA

~90 mins



SAA

Trigger rate



PAMELA milestones

• Launch from Baikonur: June 15th 2006, 0800 UTC.
• ‘First light’: June 21st 2006, 0300 UTC.

• PAMELA in continuous data-taking mode since 
commissioning phase ended on July 11th 2006

• As of ~now:
– ~700 days of data taking (~73% live-time) 
– ~12 TByte of raw data downlinked
– >109 triggers recorded and under analysis



Scientific goals

• Search for dark matter annihilation

• Search for antihelium (primordial antimatter)

• Study of cosmic-ray propagation (light nuclei and 
isotopes)

• Study of electron spectrum (local sources?)

• Study solar physics and solar modulation
• Study terrestrial magnetosphere



The velocity dispersion of galaxies in the Coma cluster 
indicates presence of Dark Matter, σ ~ 1000 km/s ⇒ 

M / L ~ 50

Dark matter beginnings...

Fritz Zwicky, 1933

The Coma cluster

”If this overdensity is confirmed 
we would arrive at the astonishing 
conclusion that dark matter is
present [in Coma] with a much 
greater density than luminous 
matter.”



Searches for WIMP Dark Matter

DirectAccelerators

Indirect

The current content of the Universe

4% ordinary matter

<11.7% hot dark matter 
(neutrinos)

20.5% cold 
dark matter

63.7% dark 
energy

0.04% photons
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χ
χ

p, e+-

You are here

-

PAMELApCR

pISM

p, e+-

Signal

Background



e+

WIMP annihilation

Majorana 
e.g. supersymmetric neutralino, χ

Dirac
e.g. Kaluza Klein particle from 
Universal Extra Dimension models~

B(1)

B(1)



Antiprotons Positrons

CR + ISM →π ± + x → µ ± + x → e± + x 
CR + ISM → π0 + x → γγ  → e±

___ Moskalenko & Strong 
1998

?

Positron excess?

?

Charge-dependent solar 
modulation

Solar polarity reversal 
1999/2000

Asaoka Y. Et al. 2002

¯

+

CR + ISM → p-bar + …
kinematic threshold: 
5.6 GeV for the reaction  

Present status

→
xt



e-
p

e+
p-



Bending in 
spectrometer: 
sign of charge

Ionisation energy 
loss (dE/dx): 
magnitude of 
charge

Interaction 
pattern in 
calorimeter: 
electron-like or 
proton-like, 
electron energy 

Time-of-flight: 
trigger, albedo 
rejection, 
mass 
determination 
(up to 1 GeV)

Positron
(NB: p/e+ ~103-4)

Antiproton 
(NB: e-/p ~ 102)

Antiproton / positron identification 

-



- Select downward-going particles with ToF (Δt ~ 0.3 ns)

- Select MIPs with dE/dx (ToF + tracker)

- Multiplicity cuts on S1/S2, AC to reject interactions

- Quality cuts on tracker fit, derive rigidity

- Check rigidity is compatible with geomagnetic location

- Use shower topology to reject electrons 

- Use ToF β for particle ID, < 1 GeV/c 

Analysis ‘recipe’



Antiparticle selection

e-
e+

p, dp

‘Electron’

‘Hadron’



the wrong sign of curvature. In addition there is a background from protons that scatter in

the material of the tracking system and mimic the trajectory of negatively-charged particles.

In order to accurately measure antiprotons, this “spillover” was eliminated by imposing a

set of strict selection criteria on the quality of the fitted tracks. Track fits required the

use of at least 4 (3) position measurements along the x (y) direction and an acceptable χ2

for the fitted track. To remove spillover protons, it was required clean tracking position

measurements (e.g. no accompanying hits from delta-ray emission) and that the maximum

detectable rigidity, estimated for each event during the fitting procedure, should be 10 times

larger than the reconstructed rigidity. The deflection (1/rigidity) distribution for positively-

and negatively-charged down-going particles, which did not produce an electromagnetic

shower in the calorimeter, is shown in Figure 2. The sample includes events for which the

reconstructed MDR is larger than 850 GV. The good separation between negatively-charge

particles and spillover protons is evident. As expected, the antiproton tracking requirements

limit the distribution of spillover protons.
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FIG. 2: The deflection reconstructed by the track fitting procedure for negatively- and positively-

charged down-going particles with a reconstructed MDR ≥ 850 GeV and that did not produce

an electromagnetic shower in the calorimeter.The shaded histogram corresponds to the selected

antiprotons.

The calorimeter was used to reject electrons. The longitudinal and transverse segmenta-

tion of the calorimeter combined with dE/dx measurements from the individual silicon strips

6

Proton ‘spillover’ background

Selected antiprotons

• Spectrometer tracking 
information is crucial for high-
energy antiproton selection

• Finite spectrometer resolution - 
high rigidity protons may be 
assigned wrong sign-of-charge
• Also background from scattered protons

• Eliminate ‘spillover’ using strict 
track cuts (χ2, lever arm, no δ-rays, etc)
• MDR > 10 × reconstructed rigidity

• Spillover limit for antiprotons 
expected to be ~200 GeV.

 

Protons

Spillover 
protons

MDR > 850 GV, no EM shower

(50 GV)



Pre-PAMELA antiproton-to-proton 
flux ratio



~120 m

~40 km

 ~4 m

0 km

~5 g/cm2



Adriani et al., Phys. Rev. Lett. 102, 051101 (2009)
arXiv 0810.4994 (28th Oct. 2008)

Antiproton-to-proton flux ratio

2nd Feb. 2009! 



Secondary production models

Adriani et al., Phys. Rev. Lett. 102, 051101 (2009)
arXiv 0810.4994 (28th Oct. 2008)



Pre-PAMELA positron fraction

?



Bending in 
spectrometer: 
sign of charge

Ionisation energy 
loss (dE/dx): 
magnitude of 
charge

Interaction 
pattern in 
calorimeter: 
electron-like or 
proton-like, 
electron energy 

Time-of-flight: 
trigger, albedo 
rejection, mass 
determination 
(up to 1 GeV)

PositronProton

Proton / positron discrimination 



(~
R

M
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+-

Selections on total detected energy, starting point of shower

e- e+

(p)- p



Positron selection with calorimeter

p (non-int)

e-

e+

p (non-int)

Fraction of charge released along the 
calorimeter track (left, hit, right)

p (int)

p (int.)      

Rigidity: 20-30 GV

(~ Rm)



Positron selection with calorimeter

e-

Fraction of charge released along the 
calorimeter track (left, hit, right)

p

e+

+ Energy-momentum match

Rigidity: 20-30 GV



Flight data:  51 GeV/c
positron



e-

Fraction of charge released along the 
calorimeter track (left, hit, right)

p

e+

+ • Energy-momentum match
• Starting point of shower 
• Longitudinal profile

Rigidity: 20-30 GV

Positron selection with calorimeter



p

e-

e+

p

Flight data: rigidity: 20-30 GV Test beam data: momentum: 50 GeV/c

e-
e-

e+

•Energy-momentum match

•Starting point of shower 

Positron selection with calorimeter

p



Neutrons detected by ND

Rigidity: 42-65 GV

Fraction of charge released along the 
calorimeter track (left, hit, right)

•Energy-momentum match

•Starting point of shower 

Neutron yield



Rigidity: 10-15 GV Rigidity: 15-20 GV

e-e-

e+e+p

p

p

p

Energy loss in silicon tracker detectors:

Positron selection with dE/dX

TOP: positive (mostly p) and negative events (mostly e-)

BOTTOM: positive events identified as p and e+ by transverse profile method

In
dependent!



+ • Energy-momentum match
• Starting point of shower 

e-

‘presampler’ p

Rigidity: 20-28 GV

e+

p

Background estimation from data

2 W
1.5 X

0

20 W
15 X

0



+ • Energy-momentum match
• Starting point of shower 

e-

‘presampler’ p

Rigidity: 28-42 GV

e+
p

Background estimation from data

2 W
1.5 X

0

20 W
15 X

0



Low energy positron fraction

To end 2007:

~104 e+ > 1.5 GeV

Solar 
modulation

Nature, in press (arXiv 0810.4995)



Solar modulation

July 2006
August 2007
February 2008

PAMELA
Low flu

xes!

¯

+
¯

+

A-A+A+ A-

Decreasing 
solar 
activity

Increasing 
flux

~11 y

Low flu
xes!

PAMELA



Pre-PAMELA positron fraction

?



PAMELA positron fraction

To end 2007:

~10 000 e+ > 1.5 GeV
~2000 > 5 GeV 

Nature, in press (arXiv 0810.4995)



Secondary production expectation

Nature, in press (arXiv 0810.4995)

Secondary production 
model 
Moskalenko + Strong, ApJ 493 (1998) 694



Delahaye et al.
arXiv:0809.5268v3

Theoretical uncertainties

Electron spectral index poorly defined above ~10 GeV... 
                                                                                     ...until now. 



Nuclei identification

• Important input to secondary 
production + propagation models

• Secondary to primary ratios: 

• B / C
• Be / C
• Li / C

• Helium and hydrogen isotopes: 

• 3He / 4He
• d / He

Truncated mean of multiple dE/dx 
measurements in different silicon planes

Preliminary
5.7 GV 

non-interacting 
carbon nucleus



• 0808.3725 DM                        
• 0808.3867 DM
• 0809.2409 DM
• 0810.2784 Pulsar
• 0810.4846 DM / pulsar
• 0810.5292 DM
• 0810.5344 DM
• 0810.5167 DM
• 0810.5304 DM
• 0810.5397 DM
• 0810.5557 DM
• 0810.4147 DM
• 0811.0250 DM
• 0811.0477 DM

During first week after PAMELA 
results posted on arXiv

Nature, in press
arXiv 0810.4995

Adriani et al., Phys. Rev. Lett. 102 (2009) 051101
arXiv 0810.4994



DM constraints from pbar/p 

Results place strict limits on Dark 
Matter models where quark jets 
are a dominant final state... 

Adriani et al., Phys. Rev. Lett. 102 (2009) 051101
arXiv 0810.4994

e.g. Donato et al., arXiv:0810.5292v1



Example: Dark Matter (1)

Cholis, Goodenough, Hooper, Simet, and Weiner
arXiv:0809.1683 



arXiv:0808.3725 

Example: Dark Matter (2)

Majorana DM with new internal 
bremsstrahlung correction. NB: requires 
annihilation cross-section to be ‘boosted’ 
by >1000.

Hooper and Zurek 
arXiv:0902:0593v1



(After Bergström, 2009)

Antiprotons
Acceptable boost factors 
not possible in reasonable 
halo models.

Positrons
Large boost possible in 
presence of a nearby dark 
matter ‘clump’

~1 kLyr (~0.3 kpc)

~100 kLyr (~30 kpc)

Milky Way

(0.1-1 kpc)3

(10 kpc)3

Conventional Dark Matter 
scenarios require ‘Boost 
Factors’ of 100 - 10000 

DM halo



Dark matter density. Via Lactea II simulation (Diemand et al., 2008)



-

You are here

PAMELA
pCR

pISM

p, e+-

Signal?

Background

e+ ?

Pulsar



The Fermi-GST gamma-ray sky 

Fermi Gamma-ray Space Telescope (formerly GLAST) launched 11th June 2008 



Example: pulsars

Yüksak et al.
arXiv:0810.2784v2

Hooper, Blasi, and Serpico
arXiv:0810.1527 

Geminga
assuming different distance, age and
energy spectrum of pulsar emission



Chang et al. 
Nature 456, 362-365 (2008)



Future observations of electrons

HESS Collaboration
arXiv:0811.3894

Fermi GST: Φe± up to ~700 GeV

PAMELA: 
Φe± up to ~1TeV
Φe+ up to ~300 GeV
Φe- up to ~500 GeV



Summary

• PAMELA has been in orbit and studying cosmic rays for ~30 
months. >109 triggers registered, and >10 TB of data has been 
down-linked.

• Antiproton-to-proton flux ratio (~100 MeV - ~100 
GeV) shows no significant deviations from secondary production 
expectations. Additional high energy data in preparation (up to 
~150 GeV).

• Low energy positron fraction (~1.5 - ~5 GeV) shows 
solar modulation effects. Excellent statistics! 

• High energy positron fraction (>10 GeV) increases 
significantly (and unexpectedly!) with energy. Primary source?
• Data at higher energies will help to resolve origin of rise 
(spillover limit ~300 GeV).

http://pamela.roma2.infn.it


