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Fluxes of Cosmic Rays
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Primary cosmic ray

Smaller detectors ,"

but long duration.
PAMELA! Primary Cosmic Rays |/

Top of atmosphere

—~40 km

Large detectors but
short duration.
Atmospheric
overburden ~5 g/cm?,
L Almost all data on
e cosmic antiparticles
from here.



PARTICLE PHYSICS BIRTH WAS DUE TO COSMIC RAYS
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p/p Ratio

The first historical measurements on galactlc
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Annihilation of

Collision of High Energy Exotic Particles

Cosmic Rays with the
Interstellar Gas

Cosmic Rays Leaking
Out of Antimatter
Galaxies

Evaporation of
Primordial Black

Hole

Antimatter Lumps
In the Milky
Way



Search for the existence of Antimatter in the Universe

PAMELA AMS
N Space
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The Big Bang origin of the Universe requires N ﬁ el
matter and antimatter

.

to be equally abundant at the very hot beginning

Anti-Universe %‘T ,.




Antimatter Direct research

Observation of cosmic radiation hold out
the possibility of directly observing a
particle of antimatter which has escaped
as a cosmic ray from a distant antigalaxy,
traversed intergalactic space filled by
turbulent magnetic field, entered the Milky
Way against the galactic wind and found
Its way to the Earth.

Sreitmatter, R. E., Nuovo Cimento, 19, 835 (1996)

High energy particle or antinuclel



Antimatter Direct research

Antimatter from globular
clusters of antistars In our Galaxy as
antistellar wind or anti-supernovae
explosion

K. M. Belotsky et al., Phys. Atom. Nucl.
63, 233 (2000), astro-ph/9807027
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Antimatter

He/He Limit {(95% C.L.)
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“We must regard it rather an accident that

the Earth and presumably the whole Solar System
contains a preponderance of negative electrons
and positive protons. It is quite possible that

for some of the stars it is the other way about”

P. Dirac, Nobel lecture (1933)



What is the Universe made of ?

Rotational Curves
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Evidence for Dark Matter
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http://nedwww.ipac.caltech.edu/level5/March02/Plionis/Plionis3_2.html

Baryonic Matter ?
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o Stars and galaxies are only ~0.5% ot

: @ baryon
o Neutrinos are ~).1-1.5% ® heitings
o Rest of ordinary matter ® dark matter

(electrons, protons & neutrons) are 44% ~ dark energy
o Dark Matter 23%
o Dark Energy 73% //
o Anti-Matter 0%
o Higgs Bose-Einstein condensate
~10%2%2?




Dark Matter Candldates

*Self-interacting
*Superweakly interacting
*Braneworld DM

*Heavy neutrino ; 4 & 3 a 3 & & 518
*NEUTRALINO log{m, /(1 Gev)) L. Roszkowski
*Messenger States in GMSB e N
*Branons

*Chaplygin Gas

*Split SUSY

oaDrirmmAardinal Rila~ly LAlAace

-Kaluza-Klein DM in UED - ~ WIMP ’r'r}w Candidates (1~
*Kaluza-Klein DM in RS ' - .

«Axion - .

*Axino - .

peleiine neulralino u: < WIMP

*Photino GM(r) " H

*SM Neutrino v(r) = r ] =

*Sterile Neutrino el =
Sneutrino . E
-Little Higgs DM . E
*Wimpzillas axinon Efij .

*Q-balls - n

Mirror Matter - .

*Champs (charged DM) - E

*D-matter . -

Cryptons graviline G .




The SUSY Particle Spectrum
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Astroparticle Physics [3A1312)




Another possible scenario:
KK Dark Matter

Lightest Kaluza-Klein Particle (LKP): B\"

B' WWW—<—Tf B
As in the neutralino case
there are 1-loop
processes that produces
monoenergetic

v v in the final state.

I—I-:,l

Bosonic Dark Matter:
fermionic final states
no longer helicity
suppressed.

e+e" final states
directly produced.
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WIMP
Evolution in time of number density n,
Boltzman Equation
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Thermal Relics from the Early
Universe

Boltzmann equation
In the Early Universe:

6-107%"cm’ s !

v o 0)

In order to have:
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DM annihilations

DM particles are stable. They can annihilate in pairs.

Primary annihilation _ l
channels Decay Final states

' 2

flux ocn O annihilation
astro& partlcle "reference cross section:
COSMOo og=23.10"%%cm? /sec




Decay Channels

Positron fraction from decaying dark matter:
model independent analysis

Possible decay channels AL Tran
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solar madiilatinn
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Charge-dependent Cosmic Ray Antimatter
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5.6 GeV for the reaction
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What do we need?

Measurements at higher energies
Better knowledge of background
High statistics

Continuous monitoring of solar modulation



Antimatter Dark Matter
Space Missions

Fermi
11-6-2008
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PAMELA Collaboration
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Russian Italian Missions
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* plastic scintillator (8mm)
* ToF resolution ~300 ps (S1-3 ToF >3 ns)
* lepton-hadron separation < 1 GeV/c

p
\ * 51, S2, S3; double layers, x-y

4 TOF (81) Trigger, ToF, dE/dx | * $1.52.83 (low rate) / S2.83 (high rate)
ANTICOINCIDENCE I
(GARD) « Permanent magnet, 0.43 T
ANTICOMCIDENGE « 21.5 cm?sr
TOF (82) 5 (GAT) .
* 6 planes double-sided silicon strip
detectors (300 pm)
= Sign of charge, | *3 um resolution in bending view > MDR
2| smoomcoecs SECTIONETER.rigidity, dEJdx | ~gpo GV (6 plane) ~500 GV (5 plane)
t .
TOF (S3) * 44 Si-x | W/ Si-y planes (380)
Electron energy, |[*16.3X0/0.6L
CALORIMETER ‘-:'E"'dxr |9Pt°'t‘_' * dE/E ~5.5 % (10 - 300 GeV)
adron separation |, ge|f trigger > 300 GeV / 600 cm? sr
NEUTROM
HECToR - 36 *He counters
v - *He(n,p)T; E, = 780 keV

~470 Kg [ ~360 W -1 cm thick poly + Cd moderator
- 200 ps collection



Antiproton / positron identification

ND

Antiproton
(NB: e’/p ~ 10?)

Time-of-flight:
trigger, albedo
rej ection, mass
deter mination
(up to 1 GeV)

Bending in
spectrometer:
sign of charge

| onisation ener gy
loss (dE/dX):
magnitude of
charge

I nteraction
patternin
calorimeter:
electron-like or
proton-like,
electron energy

ND

Pdsitron
(NB: p/e* ~1034)



Design Performance

Energy range

Antiprotons

Positrons

Electrons

Protons

Helium

Electrons+positrons
Light Nuclei (Li/Be/B/C)

AntilNuclei search

80 MeV - 190 GeV

50 MeV - 300 GeV

up to 600 GeV

up to1TeV

up to 400 GeV/n

up to 2 TeV (from calorimeter)

up to 200 GeV/n

sensitivity of 3x10°8 in He /He



Resurs-DKI1 satellite

Command / Measurement
antenna

Solar battery

Vernier engine installation

Coordinate / time
synchronization antenna

Accessories module

Pamela Research
Hardware
. pressurized container

Research

Instrument module
_— ‘ ~.._ hardware module

Instrument

pressurized container_~~
_ Cooler

Star tracker
Optronic equipment

VRL (high rate datalink)
antenna

Command / Measurement / Infrared local

%, vertical reference

antenna

= Main task: multi-spectral
remote sensing of earth’s
surface

= Built by TsSKB Progress
in Samara, Russia

= Lifetime >3 years
(assisted)

= Data transmitted to
ground via high-speed
radio downlink

= PAMELA mounted
Inside a pressurized

container

Mass: 6.7 tonnes
Height: 7.4 m

Solar array area: 36 m?




PAMELA

Launch
15/06/06

16 Gigabytes trasmitted
daily to Ground
NTsOMZ Moscow




Orbit Characteristics

e Low-earth elliptical orbit

e 350 — 610 km

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



PAMELA Orbit

Download @orbit 3754 — 15/02/2007 07:35:00 MWT

2,
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The Physics of PAMELA

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

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?)

Proy; cutoff <= 0.600000024
J'}.rh i
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T 2 S S TIAI07 00:00 0550 5 V11,

& E

Arbitrary units
=]
I

-
=3

E - A E A0

I
?

109 = ==
= b A 4 4 L b 4 : b it



PAMEIA Status

Today 1413 days In flight
data taking —73% live-time

—20 TBytes of raw data downlinked

>2.10° triggers recorded and under
analysis



Antiprotons




PAMEILA antiproton selection
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Proton Spillover
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Antiproton to proton ratio

nonnnnn Bergstrom & Ullio 1999
Molnar & Simon 2001 {=550)

Moskalenko 2002 [(A<0, o=15")
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| planes

Positron selection with calorimeter

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

E(non-int)

Mormalized number of avents

L] .3 = I
Fraction of enargy along the track

p (non-int)
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Rigidity: 20-30 GV




Positron selection with calorimeter

Rigidity: 20-30 GV

Number of events

** Fraction of en%ng along the track
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Fraction of chargereleased along the + Ener gy-momentum match
calorimeter track (left, hit, right) Starting point of shower
L ongitudinal profile



Positron selection

Rigidity: 20-30 GV

Fraction of chargereleased along the
calorimeter track (left, hit, right) Neutrons detected by ND

Number of events
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Positron to all electron ratio
Nature 458, 697, 2009

HH
)
_|_
-
K
(]
|
a(e”) / (o(e”)+ o(e™))

=
O
I;
[&]
©
T
g
D
T
b~
7)]
@]
o

Secondary production o PAMELA
Moskalenko & Strong 98
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Positron Eraction
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PAMELA - new data (beta functions)

PAMELA - new data {TMVA)

Aesop [Clem & Evenson 2007)
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Positron Fraction

Pulsar Component
Atoyan et al. 95
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A Challenging Puzzle for Dark Matter
Interpretation

——————— Donato 2001 (DRC, o=500MMW)

.............. Moskalenko 2002 (A<0, a=15%)
FPtuskin 2006 {(PD. o=550kM%}
Donato 2001 (DRC, o=500MMW)
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Pl(p+P)

Wino Dark Matter in a non-thermal Universe

10+

10°°

G. Kane, R. Lu, and S. Watson

arXiv:0906.4765v3 [astro-ph.HE)

wino signal(with dff}+background
——————— wino signal+background

---- background

——+— PAMELA

10 10? 10°
Kinetic Energy (GeV)



DM annihilations

DM particles are stable. They can annihilate in pairs.

Primary annihilation _ l
channels Decay Final states

' 2

flux ocn O annihilation
astro& partlcle "reference cross section:
COSMOo og=23.10"%%cm? /sec




Positrons detection

Where do come from?

Mostly locally within 1 Kpc, due to the energy losses by
Synchrotron Radiation and Inverse Compton

Typical lifetime

725-105}!1‘(

1TeV
FE
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Antiprotons within 10 Kpc




DM annihilations

Resulting spectrum for positrons and antiprotons

M=1 TeV
The flux
shape is
completely
determined
by:

=
IS
&
o
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Anti—prcton fraction

Energy in GeV Energy in GeV



Data fitting

Which DM spectra can fit the data?

DM with m,, ~ 150 GeVand W™ W~ dominant
annihilation channel ( )
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Data fitting

Which DM spectra can fit the data?

DM with m, ~ 10 TeV and W W~ dominant
annihilation channel ( )

But B~10*
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Data fitting

DM with My =~ 1TeV and#" #~ dominant
annihilation channel
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Model independent results
Which DM spectra can fit the data?

1000 3000 10000 30000
DM mass in GeV

Annihilations into
hardly constrained and m, 2 10 TeV



Model independent results
Which DM spectra can fit the data?
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How to reconcile ¢ = 3-10"*em®/sec with o ~ 10 *cm® /sec?

- DM is produced non-thermailly: the annihilation cross section

today is unrelated to the
production process
at freeze-out today
- astrophysical boost no clumps clumps
- resonance effect off-resonance on-resonance
- Sommerfeld effect v/e~0.1 v/e~ 1072

+ (Wimponium)



DM Halo profile

Results from N-body simulations

p(r) _p (?.._@) 1+ (TQ/?,S)EE (B—=7)/
2\ r 14 (r/rg)®
For r-0:
p(r) ocr™
__E Isothermal
Cuspy: 2
Mild:

Smooth:




Boost Factor

. local clumps in the DM halo enhance
the density, boost the flux from annihilations

Resalved Clumps Sum

B € (1,20) (10%)




DM annihilation via a
narrow resonance just
below the threshold:

LS 167 m2I2
B2 (B2 — m?)? + m?T?

32 72
b B;B
m25; (0 + Evd)2 + +2 £

m?=4M?*(1—48) ~y=I/m

B;B;

(OUpal)

Enhancement can reach 10°
with very fine tuned models.




NP QM effect that can enhance the annihilation cross section by orders of
magnitude in the regime of small velocity and relatively long range force.

In terms of Feynman diagrams:

Firet order croes section:

For oM /my = 1 the perturbative expansion breaks down,
need to resum all orders
i.e.: keep the full interaction potential.



Example: Dark Matter

arXiv:0808.3725
Borgstrdm, Bringmann & Edsjd (2008)
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Fermi (e*+ er) and PAMELA ratio
Bergstrom et al. astro-ph 0905.0333v1

Bergstrom, Edsjo & Zaharijas 2009

Mom = 1.6 TeV, 100% p*p’, E;=1100

Positron fraction
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HESS LE (x0.85)
Total

- Background (%0.85)
DM signal

Positron energy, E.. [GeV]



All three ATIC fllghts are conS|stent

< 1,000

3 ' Preliminary

7 st

s ' St

¥ [Tt

E 100} el

ol [ T

§ [ ATIC 1+2+4 + ]

o

L’ oL
10 100 1,000

Energy (GeV)

E.°dN/dE, (m™s™'sr'GeV?)

1,000 f
[ Prehmmary
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100 | " S
ATIC 1 N
ATIC 2
ATICA4 T
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Energy (GeV)

“Source on/source off” significance of bump for ATIC1+2 is

about 3.8 sigma
J Chang et al. Nature 456, 362 (2008)

ATIC-4 with 10 BGO layers has improved
e, p separation. (~4x lower background)

“Bump” is seen in all three flights.

Significance for ATIC1+2+4 is 5.1 sigma




Example: DM . Cholis et al. arXiv:0811.3641v1

1 : —_—
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* Propose a new light boson (me < GeV), such that yy—®®; OP—ete, pHu,
* Light boson, so decays to antiprotons are kinematically suppressed



Gamma Constraints

= Y from DM annihilation
= radio-waves from synchrotron radiation of et

= Yy from Inverse Compton on e* in halo

-upscatter of CMB, infrared and starlight photons
on energetic et



Astrophysical Explanation
Pulsars
S. Profumo Astro-ph 0812-4457

Mechanism: the spinning B of the pulsar strips e~ that
accelerated at the polar cap or at the outer gap emit y that
make production of e* that are trapped Iin the cloud, further
accelerated and later released at 1 — 10° years.

B, ~ 104 erg
Young (T —10° years) and nearby (< 1kpc)
If not: too much diffusion, low energy, too low flux.

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



Example: pulsars
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Pulsars: Most significant contribution to high-energy CRE:
Nearby (d <1 kpc) and Mature (104 < T/yr < 106) Pulsars

D. Grasso et al.

HEAT( 001)
BETS (2001)
MS—-01 (2002)
. n'rlc 1 2 ( oos)

7 HESS {zuaa} I

FERMI {
’ g#ied £ 4

AHEAT 94485
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>
[}
O
~—
—
L
S
=
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L

®PAMELA 08

s Example of fit to both Fermi and Pamela data with known
(ATNF catalogue) nearby, mature pulsars and with a single,
nominal choice for the e+/e- injection parameters



Pulsar or Dark Matter?

Anisotropy

Fermi



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.

A. Eungwanichayapant and F. A. Aharonian
0907.2971v1 [astro-ph.HE]

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.



How reliable is the background calculation?

Secondary production
Moskalenko & Strong 98
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Explanation with supernovae remnants

Shaviz and al. astro-ph.HE 0902.0376




Positrons from old SNR’s

P. Blasi astyro-ph 0905.2794

Dashed Lines — Bohm like

Solid lines — Kraichnan




Antiprotons from old SNR’s

P.Blasi Astro-ph.HE 0904.067 1

- Bohm-like ISM
ISM+B terem ——
Total

A term

" Bterm

40l | I

0 100
Kinetic Energy, T [GeV]




Cosmic Rays Propagation in the

Galaxy
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Positron fraction et/{et+e-)

10-1

10°% |

Standard Positron Fraction

Theoretical Uncertainties

T. Delahayn ot al. (2008)
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PAMELA Electron (e7) Spectrum
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PAMELA Electron (e7) Spectrum
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PAMELA Electron (e7) Spectrum
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PAMELA Electron (e7) Spectrum
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PAMELA Electron Spectrum
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Graph

PAMELA all electrons

dN/dE*E’, GeVZ/(s*sr*m?)
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Proton flux
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Helium Spectrum
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* Important input to secondary
production + propagation models

® Secondary to primary ratios:

eB/C
o Be/C
oli/C

Helium and hydrogen isotopes:

® 3He / *He
e d/He

5.7 GV
non-interacting
carbon nucleus

T

8

8

g

Calorimeter truncated mean [MIP]

&

Rigidity [GV]
Truncated mean of multiple dE/dx
meaasuremeants in different silicon planes




Carbon Spectrum
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PAMELA preliminary results
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C/O ratio
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Positron Fraction

—i—— PAMELA data
Moskalenke and Strong (19938)
— — A>0 [Clem et al. (2004]]
- - A<D [Clem et al. {2004]]
Grimani {ICRC09)
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Solar Modulation of galactic cosmic rays

Intensita Neutron Monitor di Roma (dati mensili)
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o Solar modulation |, qua werum
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Solar modulation
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Proton Flux [5 min

December 2006 Solat particle events
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December 13th 2006 event
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Radiation Belts
South Atlantic Anomaly

Secondary production from CR
interaction with atmosphere



Study terrestrial magnetosphere

Pamela World Maps. 350 — 650 km alt
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Proton spectrum in SAA, polar and equatorial regions
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High Energy electrons

= The study of primary electrons is especially
important because they give information on the
nearest sources of cosmic rays

= Electrons with energy above 100 MeV rapidly loss
their energy due fo synchrotron radiation and
inverse Compton processes

= The discovery of primary electrons with energy
above 10! eV will evidence the existence of cosmic
ray sources in the nearby interstellar space (r<300

pc)
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Search for New Matter in the Universe:

An example is the search for “strangelets”.

There are six types of Quarks found in accelerators.
All matter on Earth is made out of only two types of quarks.

“Strangelets” are new types of matter composed of three types of
quarks which should exist in the cosmos.

Carbon Nucleus Strangelet

I. A stable, single

d “super nucleon”

S .

d S s d with three types of
S S guarks

d > ii. “Neutron” stars may
d be one big

S
d d
dd 4 S
d s CSI strangelet
g d

AMS courtesy
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