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Abstract: New results on the antiproton-to-proton and positron-to-all electron ratios over a wide energy range (1 &ndash; 100 GeV) have been
obtained by the PAMELA mission. These data are mainly interpreted in terms of dark matter annihilation or pulsar contribution. The instrument
PAMELA, in orbit since June 15th, 2006 on board the Russian satellite Resurs DK1, is daily delivering to ground 16 Gigabytes of data. The
apparatus is designed to study charged particles in the cosmic radiation, with a particular focus on antiparticles for searching antimatter and signals
of dark matter annihilation. A combination of a magnetic spectrometer and different detectors allows antiparticles to be reliably identified from a
large background of other charged particles. This talk reviews the design of the apparatus and illustrates the most recent scientific results obtained

by PAMELA, together to some of the recent theoretical interpretations. In particular new data on antiprotons, protons, positrons, electrons absolute
fluxes will be presented.
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The Physics of PAMELA

Search for antihelium (primordial antimatter)
Search for dark matter annihilation

Search for new Matter in the Universe (Strangelets?)

Study of cosmic-ray propagation

Study of solar physics and solar modulation
Study of terrestrial magnetosphere

Study of high energy electron spectrum (local sources?)
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The Physics of PAMELA

Search for antihelium (primordial antimatter)
Search for dark matter annthilation

Search for new Matter in the Universe (Strangelets?)

Study of cosmic-ray propagation

Study of solar physics and solar modulation

Study of terrestrial magnetosphere
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The first historical measurements on galactic

antiprotons
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Dark Matter

Evidence for the existence of an unseen, “"dark”, component in
the energy density of the Universe comes from several
independent observations at different length scales:

- J [l " i
Rotation curves of galaxies cMB Large Scale Structure
Galary clusters Lensing SN I3
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Bertone, Hooper &% Silk, hep-ph/0404175. Bergstrom, hep-ph/0002126. Jungman et al,_ hep-ph/9506380




@ stars

@® baryon

@ neutrinos
o Rest of ordinary matter ® dark matter

(electrons, protons & neutrons) are 44%  dark energy

o Stars and galaxies are only ~0.5%
o Neutrinos are ~0.1-1.5%

o Dark Matter 23%
o Dark Energy 73% /
o Anti-Matter 0%

o Higgs Bose-Einstein condensate
~1052%?2?
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THE "WIMP MIRACLE"

Table 1. Properties of various Dack Matter Candidates o 90 o™
Type Particle Spin Approximate Mass Scale
Axion 0 ueV-meV
Inert Higes Doublet 0 50 GeV
Sterile Neutrino 1/2 keV
Neutralino 1/2 10 GeV - 10 TeV
Kaluza-Klein UED l TeV

Many possibilities, but WIMPs are singled out by an
exceptional “coincidence’: parameters of the STANDARD
MODELS of PARTICLE PHYSICS and COSMOLOGY
conspire to provide a viable cold DM candidate at the
ELECTROWEAK SCALE
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Signal (supersymmetry)...

Will distort the
antiproton
positron and
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Another possible scenario:
KK Dark Matter

Lightest Kaluza-Klein Particle (LKP): BV

As in the neutralino case
there are 1-loop
processes that produces
monoenergetic

y v in the final state.

Bosonic Dark Matter:
fermionic final states

no longer helicity
suppressed.

fl
e+e final states
f directly produced.
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Antimatter
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Cosmic Ray Antimatter

Present status
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Charge-dependent Cosmic Ray Antimatter

salar modulation

Asacka Y. Et al. 2002 Present status
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Charge-dependent
solar modulation

Asaoka Y. Et al. 2002
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Charge-dependent Cosmic Ray Antimatter

solar modulation

Asaoka Y. Etf al. 2002 Present status
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Charge-dependent Cosmic Ray Antimatter

solar modulation
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PELA Instrument

GF ~21.5 cm?sr
Mass: 470 kg

Size: 130x70x70 cm?
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P e’ p (He
« $1, S2, S3; double layers, x-y
*» plastic scintillator (8mm)
f * ToF resolution ~300 ps (S1-3 ToF >3 ns)
[ ei— |

* lepton-hadron separation < 1 GeVic
Trigger, ToF, dE/dx | *S51.52.53 (low rate) / S2.53 (high rate)

TOF (31)

« Permanent magnet, 0.43 T

CAT) «21.5cm’sr

* 6 planes double-sided silicon strip
detectors (300 pm)

Sign of charge, | = 3 ym resolution in bending view » MD|
rigidity, dE/dx | _g00 GV (6 plane) ~500 GV (5 plane)

~1.3m

* 44 Si-x | W/ Si-y planes (380)
Electronenergy, |[*16.3X0/06L

caommerer | GE/dX, lepton- . JEJE ~5.5 % (10 - 300 GeV)
hadron separation |, gof trigger > 300 GeV / 600 cm? sr

; N - 36 'He counters
v - *He(n,p)T; E, = 780 keV
~470 Kg / ~360 W - 1 cm thick poly + Cd moderator
Pirsa: 09060032 - 200 ps collection Page 34/115




Design Performances

Energy range
Antiprotons 80 MeV - 190 GeV
Positrons 50 MeV — 300 GeV
Electrons up to 500 GeV
Protons upto1lTeV
Electrons+positrons up to 2 TeV (from calorimeter)
Light Nuclei (He/Be /C) up to 200 GeV/n
AntiNucle1 search sensitivity of 3x10° in He/He

—> Simultaneous measurement of many cosmic-ray species

irsﬁ)OGﬁgw Energv range Page 35/115
— Unprecedented statistics
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= $1, S2, S3; double layers, x-y
* plastic scintillator (8mm)
I * ToF resolution ~300 ps (S1-3 ToF >3 ns)
[ ei—

* lepton-hadron separation < 1 GeVic
Trigger, ToF, dE/dx |* S1.S2.S3 (low rate) / S2.S3 (high rate)

TOF (31)

* Permanent magnet, 0.43 T

e «21.5 cm?sr

« 6 planes double-sided silicon strip
detectors (300 pm)

Sign of charge, | =3 pm resolution in bending view » MDI|
rigidity, dE/dx | _g00 GV (6 plane) ~500 GV (5 plane)

~1.3m

+ 44 Si-x /| W | Si-y planes (380)
Electronenergy, |[*16.3X0/06L

caommersr _ GE/dx, lepton-  |. 4E/E ~5.5 % (10 - 300 GeV)
hadron separation |, gof trigger > 300 GeV / 600 cm? sr

—— - 36 *He counters
-*He(n,p)T; E, = 780 keV
~470 Kg / ~360 W -1 cm thick poly + Cd moderator
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Design Performances

Energy range
Antiprotons 80 MeV - 190 GeV
Positrons 50 MeV — 300 GeV
Electrons up to 500 GeV
Protons upto1lTeV
Electrons+positrons up to 2 TeV (from calorimeter)
Light Nuclei (He/Be /C) up to 200 GeV/n
AntiNucle1 search sensitivity of 3x10° in He /He

-2 Simultaneous measurement of many cosmic-ray species
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Resurs-DKI1 satellite

: — : Command / Measurement
VUSRS antenna = Main task: multi-spectrs

,_ Solar battery remote sensing of earth’'s
Coordinate / time : surface
P ———— ’ - Built by TsSKB Progress
In Samara, Russia

Accessories module

Pamela Research

* Lifetime >3 years

Hardware
. pressurized container (assisted)
= Data transmitted to
Instrument module 5 e ground via high-speed
Instrument radio downlink
pressurn2ed container c
Startracker - * PAMELA mounted
< Optronic equipment inside a pressurized
VRL (high rate datalink) / container
antenna / :
Command / Mleasurement Infrared local

antenna . vertical reference
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Orbit Characteristics

e Low-earth elliptical orbit
e 350 - 610 km

e Quasi-polar (70° inclination)
e SAA crossed

«16 Gigabytes trasmitited daily to
Ground-NTsOMZ Moscow




PAMEILA Orbit
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PAMEILA Status

Today 1093 days in flight
data taking ~73% live-time

>13 TBytes of raw data downlinked

>10° triggers recorded and under
ELEWALS




Antiprotons




PAMEILA antiproton selection
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Antiproton to proton ratio
PRL 102, 051101 (2009)

Seconday Production Mo dels

Donato 2001 (DRC. o=S00MV)

Moskalenko 2002 (A<0Q, a=15")
——— Ptusiuin 2006 (PD. o=550MV)

Donato 2001 (DRC. o=500MV)
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Antiproton to proton ratio
PRI 102, 051101 (2009)
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Antiproton to proton ratio
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Antiproton Flux Ratio With Density Enhancement |
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Positrons

= The Analysis has been done using
only flight data

= Beam tests and MC simulations only
for cross-checks




Proton / positron selection

irsa: 09060032

Proton

i

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

Bending in
spectrometer:
sign of charge

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

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

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

p_(xtl—int)

Normalized number of avents
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Fraction of energy along the track
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P (non-int)

+
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Rigidity: 20-30 GV

‘ Normalized number of avenls

or em showers
0% of E contained




Positron selection with calorimeter

Rigidity: 20-30 GV

Normalized number of evenls
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Fraction of charge released along the Energ v-momenfum match
calorimeter track (lefi. hit, right) Starting poeint of shewer




Positron selection with calornmeter

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

Flight data:
rigidity: 20-30 GV

Test beam data
Momentum: 50GeV /¢
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Positron selection with calornmeter
Rigidity: 20-30 GV

Number of events
i I I

E
3
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Number of avenis
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Fraction of charge released along the Energy- mementum maich
calorimeter track (lefi, hit, right) Starting peint of shewer

Lengitudinal profile




Positron selection

Rigidity: 20-30 GV

Fraction of charge released along the
cxloieion: e e Gl i sichet Neutrons detected by ND
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Positron selection with calornnmeter
Rigidity: 20-30 GV

Number of events
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Number of avenis
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Fraction of charge released along the Enerzy-momenitum maich
calorimeter track (lefi, hit, right) Starting peint of shower

Lengitudinal profile




Positron selection

Fraction of charge released along the
calorimeter track (lefi, hit, right)
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Rigidity: 20-30 GV

Neutrons detected by ND
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The “pre-sampler” method

CALORIMETER: 22 W planes: 16.3 X,




The “pre-sampler” method

CALORIMETER: 22 W planes: 16.3 X,

2 W planes: =1.5 X

20 W planes: =15 X




The “pre-sampler” method

CALORIMETER: 22 W planes: 16.3 X,

20 W planes: =15 X

2 W planes: 1.5 X % |




The “pre-sampler” method

POSITRON SELECTION

20 W planes: 15 X

2 W planes: 1.5 X

PROTON SELECTION

2 W planes: 1.5 X,

20 W planes: 15 X




e” background estimation from data

Rigidity: 20-25 GV

Mumber of events
1]

NI

a2 03 a4 as a6 a7
Fracoon of energy along the track

o
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"presa‘lmptér' p

§1U b

a4 as as 07
Fracoon of energy along the rack

e-.l-

a3 04 as s L az
Fraction of energy along the track

* Energy-momentum match
* Starting point of shower




e” background estimation from data

Rigiditv: 6.1-7.4 GV

300 =

200 -

Number of events
3

(=]

02 03 04 05 06 a7
Fraction of snergy along the track

(=)

:presﬁmplér' p _

03 04 0s Qs 07
Fracton of energy along the track

e-l-

B 8

Number of evenls

03 04 05 06 a7z
Frachon of snergy along the track

* Energy-momentum match
* Starting point of shower




e” background estimation from data

Rigidity: 20-28 GV

o

2000 -
1500 |
1000~ J
500
0

0 03 a4 as a6 a7
Fracnon of energy along the rack

'_presﬁmp!ér' p |

a4 as a8 a7
Fracoon of energy along the rack

e-.l-

a3 04 as a6 a7z
Fraction of energy along the track

* Energy-momentum match
* Starting point of shower
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e” background estimation from data

Rigiditv: 2842 GV

Number of events

03 a4 as a6 a7
Fracnon of energy along the track

"presa‘lm . P '

S
4
3t b
2
1
0

§
:

03 a4 as Q6 Q7
Frachon of energy along the rack

o

&

T
0

e-l.-

a2 03 04 as a6 a7
Fraction of energy along the track
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* Enerqgy-momentum match
* Starting point of shower




Positron to all electron ratio
Nature 458 697 2009
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Positron fraction

Secondary production
Moskalenko & Strong 98




Positron to all electron ratio

HEATO00
AMS
CAPRICES4
HEAT94+95
TS93
MASS89
| 0 Muller & Tang 1987
0'01 | ;i | i - LE T
107 1
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Positron to all electron ratio

0.01'
10"
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PAMELA Positron Fraction

Pulsar Component

/ Yitksel et al. 08

EEDM (mass 300 Ge'
=~ Hooper & Profume 07

Pulsar Component
Atovan et al. 95

\ Pulsar Component

Z.hﬂng & '['_'heng 01

.
e ——— )
_e— e e T e Smte ST 0 SR

1N
Secondarv production Energy [GeV]
Moskalenko & Strong 98




DM annihilations

DM particles are stable. They can annihilate in pairs.

W-_.2b+ R ... (»:,[}{"'*.D[_j“.

~

\ W+ . Z° b+ £ RO ... o, . S § e

| i

Primary annihilation |
channels Decay Final states

- 2
!IUX X N “T.n.llllihi]-ifiull

Particie™ " reference cross section: T
. f




Example: Dark Matter

arXiv:0808.3725
Bergtrdm. Brinpmann & Edsid (2008
0.2 :
- PAMELA L
<+ HEAT
4 :
~ R <y Sy
u - . -
+ 005~ |
L
e
-
——— M (=122 GV)
.02
""" BM3 (=233 GeV
beckrrouwnd
0.01 ;
5 10 20 50 100 00
E.. [GeV]

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

Pulsars
S. Profumo Astro-ph 0812-4457

The rotating magnetic field of the pulsars strips e that
are accelerated at the polar cap or at the outer gap and
emit y that make production of e* that are trapped in the
cloud, further accelerated and later released at v~ 10°

years. Eiot ~ 10" ¢
Geminga: 157 parsecs from Earth and 370,000 years old

BO656+14: 290 parsecs from Earth and 110,000 years old
Many others after Fermi/GLAST

Diffuse mature pulsars
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Example: pulsars

dN,/dE,s E} (GeV' m™* o' wr")

i R a
H. Yiiksak et al., arXiv:0810.2784+2 B g

Cﬂﬂ-l‘e-&el-ft_ E, (GeV)

Gemmga assuming different distance. diffuse mature &nearby young pulsars
age and energetic of the pulsar Hooper, Blasi, and 1

wXiv-0810.1527  PaeTrals




Interaction of high energy gamma-rays with star-light

F A Aharonian and A M Atoyan
J. Phys. G: Nucl. Pan. Phys. 17 (1991) 1769-1778.

After discovery of TeV binaries like LS5039 and
LSI 61 by HESS/Magic/VERITAS in which the
powerful production of high and very high energy
gamma-rays is accompanied by their absorption
(which leads to the modulation of the gamma-ray
signal), it is clear that these objects are also
sources of electron-positron pairs.

Suggestion from Aharonian




Positron fraction &*/(e*+8")
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Cosmic Rays Propagation in the

-y ¥

IN.(E,z,t o ‘ |
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- = - = = - - m—

diffusion interaction and decay

Y‘ N.(E,Z,1)
b T (E,2)

O(E.Z)

) ko L2 v
20E- At ;

energy changing processes
(1onisation. reacceleration)




Cosmic Rays Propagation in the
Galaxy

-

N .(E,z,4 = .
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2 ok At

energy changing processes
(1onisation. reacceleration)




Proton and Helium spectra, July 2006
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Proton flux
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Proton flux

proton flux * E*2.75 p/jlem*2 s sr) GeV*1.75

(statistical errors only)

I!III 1 1 II:II‘III 1 1 lIII!II 1 1 !.IiI:III 1 1

10" 1 10 10°
Kinetic Energy (GeV)
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Proton flux
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® Secondary to primary ratios:

eB/C
®Be/C

elLi/C
® Helium and hydrogen isotopes:

® ’He / *He
e d/He

: 09060032

ST _ - § =
%\ e - A, .
\ | A=t /

1 8 - 7

N - =9 u |}
il B ~ il (B}
| . i B

5.7 GV

- ].__.__.l non=-interactl I'Ig : IT.._-___.‘ -

E | carbon nucieus \ i




Light nucle1

Statistics collected until December 2008:

** 120.000 C nuclei
45.000 B nuclei
16.000

30.000 1. nucles

*

* * *
ne e o

between 200 MeV/n and 100 GeV/n, with quute stringent selection
cuts (30% efficiency and 0.01% contamination among species).

| Secondary/Primary ratios in progress !
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Antiproton to proton ratio
PRL 102, 051101 (2009)
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Positron Fraction
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Solar Physics with PAMELA

«Solar Modulation effects

~High energy component of
Solar Proton Events (from 80
MeV to 10 GeV)

*High energy component of

1 -
S _
electrons and positrons in Solar

Proton Events (from 50 MeV

*Nuclear composition of
Gradual and Impulsive events

Log Intensity (Nuclevem® st sec MeV/nuc)




Solar Modulation of galactic cosmic rays

Intensita Neutron Monitor di Roma (dati mensili)
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Study of charge sign ¥ v i

dependent effects "5 8 sy 5
\saoka ¥. et ai. 2002, Phys. Rev. e . 2

Lert. 88, 051101); g 4 . Capnice [ Mass TS993
‘ieber, J.W_, et ai. i-cad © BESS

Review Letters, 8, 674, 1999. e
. Clem et ai. 30th ICRC 2007 g ' ‘ s | a3
LW. Langner, BMS. Poigieter, 200 - e -
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Solar modulation
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Cosmic rays variations{%).
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Charge dependent solar modulation
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Charge dependent solar modulation
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December 2006 Solar particle events
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ecember 13th 2006 event
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December 13th 2006 event

:
3

—

GOES Space Environment Montor

—|
-]
=
-

Arbitrary units
;
I

FTTh

-
o

%I lf[|l|f| | |IIlIII|

10~

L I

"1/1/07 00-00 - 05-

a 0:00 -2:10

L L=l Ba t oy

b 3:00 - 3:45

c 3:45-4:30

Ty = [t ashhr il

"N..H_!
N .
™ -
X
i —
._I._.
-:_-_L- —-—F

E o T
= FH_I_L‘#—:-! a_-.r__|_'|'_|
- b
|_::""_.§_._
107 = e
1 i i I ] : | L I i L~ =

1077




December 13th 2006 event
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Yecember 13th 2006 event
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GCES Space Environment Mondor
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December 13th 2006 event
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GCES Space Envronment Mondor

December 13th 2006 He differential spectrum

13
]
s

|

i
=

it
13
| *. 4 -
r
r

a1

ikl
Y pll & 4

§ -
2 . I ] ] I ] ] ] r i I ] I ] ] ] T | ] i -
102 13/12/06 from 03:00 to 06:00 |
- =
— - 01/01/07 from 00:00 to 05:50
B i PV e e s
T = —
E 10 §_ "-"HH l\';.hhr_-
< — - =
1= H"L oI TEERESENES
10_1 é:},_l_;—;—u_y—:—wﬁ_ ""'-"--__f__” mmm _;
E Rt S =
2l _.q*“'- _:
il “‘!% .
107 = T =

I.I. L L L llli.li. L L Lllljll

Pirsa: 0906&)0‘1 1 1 0

&
<




December 14th 2006 event
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Proton and Helium spectra, July 2006
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Cosmic rays variations(%).
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Log Intensity (Nuclevem® s¢ sec MeVinuc)

Solar Physics with PAMELA

10"

Kinetic Energy (MeV

«Solar Modulation effects

*High energy component of
Solar Proton Events (from 80
MeV to 10 GeV)

*High energy component of
electrons and positro

Proton Events (from 50 MeV

*Nuclear composition of
Gradual and Impulsive events

«'He and ‘He isotopic




Charge dependent solar modulation
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Charge dependent solar modulation
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Charge dependent solar modulation
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