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PAMEIA science PAMELA

PAMELA is a Space Observatory @ 1AU

*Search for dark matter

*Search for primordial antimatter

... but also:
*Study of cosmic-ray origin and propagation
*Study of solar physics and solar modulation

*Study of terrestrial magnetosphere

Galactic
Cosmic Rays

\“---_Heljopﬂusﬁ»""/

+ Roberta Sparvoli + March 2", 2009 + La Thuile



Tha PAMEILA collaboration

Bari Florence Frascati Naples Rome Trieste CNR, Florence

Russia

om mEE e

Dwanvecenil
Hliﬂ"l'l'rl'

ﬁ;

Moscow
St. Petersburg

Uinaversitat
Gezamthochschule
Seper

Siegen KTH, Stockholm
+ Roberta Sparvoli + March 2, 2009 + La Thuile

Germany




Everything starts with ...

* Antiprotons in the cosmic
radiation are expected as
"secondary" products of
interactions of the primary
cosmic radiation, principally
protons, with the ambient
interstellar medium (ISM).

*The first positive measurements
[Golden 79,Bogomolov 90,
Buffington 82] reported higher
antiproton fluxes than
predicted by contemporary
models of cosmic ray transport.

* Many different theories to
justify these data were
proposed at that time
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Golden et al. (1984; open circle), Bogomolov et al.

(1987, 1990; open triangle), Buffington et al. (1981;
open square)
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Why CR antimatter?

Evaporation of .
primordial black

Anti-nucleosyntesis

—hOl@H § First historical measurements of p-bar/p ratio
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Cosmic-ray Antimatter from Dark Matter annihilation

Annihilation of relic Weakly Interacting
Massive Particles (WIMPs) gravitationally

confined in the galactic halo

- Distortion of antiptoton and positron
spectra from purely secondary production

* A plausible dark matter candidate is
neutralino (), the lightest SUSY
Particle (LSP). —
Most likely processes:
» ¥¥ =2 qq =2 hadrons=2 anti-p, e?,...
¢y S NG 77 et
= positron peak Ee+~My/2 v+ f — X + ¥ |(GLasn)
= positron continuum Ee+~My/20

+ 1/ | (AMANDA / IceCube)

* Another possible candidate is the lightest +P B
Kalusa-Klein Particle (LKP): B p

Fermionic final states no longer suppressed: ot Fm%

e BOBMD = ete- HEAT, AMS etc.)

direct decay = positron peak Ee+ ~ My + D r
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Charge-dependent

solar modulation 1
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PP — PPPP (inverse Compton & synchrotron radiation)

» Local origin (@100GeV 90% from <2kpc)
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PAMEILA detectors

Main requirements = high-sensitivity antiparticle identification and premse momentum measure

Time-Of-Flight e fs‘l
plastic scintillators + PMT: \ {
- Trigger &F@fﬁﬁﬂ%%m
- Albedo rejection; = — ARTICOINCIDENCE
- Mass identification up to 1 Gev;| ~ ToF &3 4
- Charge identification from dE/dX
Electromagnetic calorimeter |y mcomemnsncs i = b
S W/Si sampling (16.3 X0, 0.6 Al) (cas)
‘ - Discrimination e+ / p, anti-p/ e

(shower topology) TOF (S3)
- Direct E measurement for e

CALORIMETER

Neutron detector

4 [ (|

GF: 21.5cm?sr : e MEUTRON
Mass: 470 kg - High-energy e/h discrimination BEVECTOR
Size: 130x70x?0 cms3 Spectrometer
Power Budget: 360W microstrip silicon tracking system + permanent magnet L o
It provides:

- Magnetic rigidity = R =pc/Ze

- Charge sign

- Charge value from dE/dx
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The Resurs DK-1 spacecraft

Mass: 6.7 tons
Height: 7.4 m
Solar array area: 36 m?

N i

* PAMELA mounted
inside a pressurized

container

* moved from parking
to data-taking position
few times/year

_________________________________

* Multi-spectral remote sensing of earth’s surface
-near-real-time high-quality images
* Built by the Space factory TsSKB Progress in Samara
(Russia)
* Operational orbit parameters:
-inclination ~70°
-altitude ~ 360-600 km (elliptical)
* Active life >3 years
* Data transmitted via Very high-speed Radio Link

(VRL)

= Imaging with imagery

data accumulation
inthe memory

Imaging with simultansous
—imagery data transmission

Orbital
altitude

!
| - 0 ™
s S
= N Spacecraft track

Imagery
data

Data Receiving - o ’
Station = . =

Ground strip length up to 2,100 km
Ground strip width 28.3 km

- | Coverage 448 km |7

+ Roberta Sparvoli + March 2", 2009 + La Thuile




PAMELA design performance

Maximum detectable

Magnetic curvature & trigger spillover  shower rigidity (MDR)
) containment
energy range I,,'i)artigle's' in 3-years
Antiprotons T 80MeV+190GeVy - 7 010Y
Positrons “50 MeV +270 GeV.~ 0(10%)
Electrons up to 400 GeV L O(109)
Protons up to 700 GeV &~ O(108)
Electrons+positrons up to 2 TeV (from calorimeter)
Light Nuclei up t0 200 GeV/n  He/Be/C: O(107/4/5)
Anti-Nuclei search sensitivity of 3x108 in anti-He/He

—> Unprecedented statistics and new energy range for cosmic ray physics
(e.g. contemporary antiproton and positron maximum energy ~ 40 GeV)
— Simultaneous measurements of many species
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Launch from Baikonur — June 15th 2006, 0800 UTC.

First light” — June 21st 2006, 0300 UTC.

* Detectors operated as expected after launch
* Different trigger and hardware configurations evaluated

— PAMELA in continuous data-taking mode since

commissioning phase ended on July 11th 2006

I

Trigocr rate™ ~25H 2
Fraction of live time* ~ 75%
Event size (compressed mode) ~ 5kB ~10 TByte of raw data downlinked

25 Hz x 5 kB/ev — ~ 10 GB/day ~12108 triggers recorded and analysed
(*outside radiation belts) (Data from May till now under analysis)

Till May 2008:
~500 days of data taking




Antiprotons
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High-energy antiproton analysis

* Analyzed data July 2006 — February 2008 (~500 days)

* Collected triggers ~108

* Identified ~ 10 10° protons and ~ 1 103 antiprotons between 1.5
and 100 GeV (100 p-bar above 20 GeV )

___________________________________________________________________

'» Antiproton/proton identification:
« tigidity (R) — SPE
+ |Z|=1 (dE/dx vs R) — SPE&TOF
* P vs R consistent with M| — ToF
* p-bat/p separation (charge sign) —> SPE
* p-bar/e (and p/e*) separation - CALO
* Dominant background — spillover protons:
* finite deflection resolution of the SPE = wrong assignment
of charge-sign @ high energy
* proton spectrum harder than positron = p/p-bar increase
for increasing energy (10° @1GV 10* @100GV)

— Required strong SPE selection

Sl
E:S2EI?E

+ Roberta Sparvoli + March 2", 2009 + La Thuile




Eniries

Antiproton identification

-l Z 5 +1

10%

10*

e (+p-bar) i proton-consistency cuts

(dE/dx vs Rand B vs R)

104

electron-rejection cuts based on
~ calorimeter-pattern topology

+ Roberta Sparvoli + March 2", 2009 + La Thuile



Proton-spillover background

MDR =1/c
(evaluated event-by-event by R T
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Electrons: efficiently removed by CALO
:> Pions (from interactions in dome) : about 3% in the pbar sample
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PAMELA: Antiproton-to-proton ratio
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Positrons
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High-energy positron analysis
» Analyzed data July 2006 — February 2008 (~500 days)

* Collected triggers ~108
* Identified ~ 150 103 electrons and ~ 9 10° positrons between
1.5 and 100 GeV (180 positrons above 20 GeV )

___________________________________________________________________

'» Electron/positron identification:
. e rigidity (R) > SPE
«|Z| =1 (dE/dx=MIP) — SPE&ToF
e 3=1 —» ToF
s c (ciscparatlen (Chatoe sion )= S0 |
* ¢*/p (and e /p-bar) separation - CALO !

___________________________________________________________________

* Dominant background — interacting protons:
* fluctuations in hadronic shower development = 1,—> yy might
mimic pure em showers

* proton spectrum harder than positron = p/e* increase for

increasing energy (10° @1GV 10* @100GV)

— Required strong CALO selection
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Positron identification with CALO

e [dentification based on: 51GV poitron

— Shower topology (lateral and longitudinal profile,
shower starting point)

— Total detected energy (energy-rigidity match)
* Analysis key points:

— Tuning/check of selection criteria with:
* test-beam data
* simulation
* flight data - dE/dx from SPE & neutron yield from ND
— Selection of pure proton sample from flight data
(“pre-sampler” method):
* Background-suppression method

. Background—estimation method

_____________________________________________________________________________________________________________________________________

Final results make NO USE of test-beam and/or simulation calibrations.
The measurement is based only on flight data

with the background-estimation method
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Positron identification
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Fraction of charge
released along the
calorimeter track

planes
»

N.B: for em showers
90% of E contained
in1R,,!



Positron identification

Fraction of charge
released along the
calorimeter track

p-bar (non-int)

p-bar (int)

Energy Fract
130
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Evaits

Positron identification

Fraction of charge
released along the
calorimeter track

+

Constraints on:
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Energy-momentum

match

Shower starting-point

; Longitudinal profile

; Lateral profile
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Check of calorimeter selection

il murmiber of Svonds
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Check of calorimeter selection
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Fraction of charge
released along the
calorimeter track

+

Constraints on:
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Numbar of svents

Check of calorimeter selection

Flight data Flight data
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Check of calorimeter selection

Energy loss in silicon tracker
detectors:

» Top: positive (mostly p) and
negative events (mostly e)

» Bottom: positive events identified as
p and e* by trasversal profile method

g

g

E §E B &

_EEEEEEEE
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The “pre-sampler” method

Selection of a pure sample of protons from flight data

CALORIMETER: 22 W planes: 16.3 X,

e

2 W planes: 1.5 X, {

— 20 W planes: 15 X,

—

Only 2% of electrons and positrons do not interact in the first 2 CALO planes
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Proton background evaluation
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Proton background evaluation
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Positron selection with calorimeter

—

Electron selection efficiency
—
=

1072
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PAMEILA: Positron fraction
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16%

16*

PAMEILA antimatter data:
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Do we have any antimatter excess in CRs?



Antiproton-to-proton ratio

Secondary Production Models
CR + ISM — p-bar + ...

(Moskalenko et al. 2006) GALPROP code .
.« Plain diffusion model ; A R '
| » Solar modulation: drlft model ( A<0, a=15° ) '

__________________________________________________________

/
| (Donato et al. 2001)

« Diffusion model with convection and reacceleration
. » Solar modulation: spherical model (p=500MV )

\ — Uncertainty band related to propagation parameters (~10%
| @10GeV) |
i — Additional uncertainty of ~25% due to production cs should
be considered !! .

10

oo . . " kinatic anargy (GaV)
' (Ptuskin et al. 2006) GALPROP code :

'« Plain diffusion model
. » Solar modulation: spherical model ( $=550MV ) |
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Antiproton-to-proton ratio
Secondary Production Models

ﬁw‘

CR + ISM — p-bar + ...

1% s o $ ~20%

NB! -

* Solar
modulation
* Nuclear
cross-section  10*E

" kinatis anargy (GaV)

No evidence for any antiproton excess
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Positron fraction

Secondary Production Models CR+ISMo 7+ ... > pur+...>et+ ...

Ny
QG
s
&
2
‘s

(Moskalenko & I

: Strong 1998)

. GALPROP code

+ « Plain diffusion
. model

'« Interstellar spectra [

____________________________

104

CR+ISM > n0+ ... 5>yy > et

I I I |_I_I_I_I'| 1 | - 1 T T 171

10°
Energy (GeV)
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Positron fraction

Secondary Production Models CRHISMon2+ ... o> pt ... et t ..
CR+ISM > n0+ ... 5>yy > et
:'-h- ) T | | ™ 1 T [ S B I
o L -
%/
o | 4
i
ﬂ - =
\ (Moskalenko & R
Strong 1998) !
. GALPROP code 10"
| « Plain diffusion  i.-.-L---- v G S A N
' model g s

« Interstellar spectra ¢~

____________________________

____________________________________________

'« Plain diffusion model |
: « Solar modulation: spherical model ($=600MV)

— Uncertainty band related to e- spectral index !
(Y, = 3.44+0.1 (30) = MIN+MAX)

. — Additional uncertainty due to propagation T R N N I
\ parameters should be considered (factor ~6 10 10°
. @1GeV ~4 @high-energy) ' Energy (GeV)

_____________________________________________________________
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Positron fraction
Secondary Production Models

CR ISV %ms BT o=+ S de o
CR+ISM > n0+ ... 5>yy > et

:'-h- T T
o |
S
‘9‘ -
iy
+
Q -
NB! o
* Solar *
modulation

|||_Ill| ! ] I

L L

Increasing
positron fraction
- only if
Ae-A,> 0.6

— unlikely

(Serpico 2008)

]

Np o QpAe.|
N ?
'S 1 5
i o }\esc Op_s 5
i NP i
________________________________ |_|

P TP, P,

p spectral index @source
e- spectral index @source
nuclear diffusion (6 ~ 0.6 from B/C)
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Positron fraction
Secondary Production Models
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Quite robust evidence for a positron excess
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Primary positron sources

Dark Matter

o et yield depend on the dominant decay

channel

— LSPs (SUSY) seem disfavored due to
suppression of ee final states

— low yield (relative to p-bar)

— soft spectrum from cascade decays

—LKPs seem favored because can
annthilate directly in e*e’
— high yield (relative to p-bar)

— hard spectrum with pronounced cutoff @
My kp (>300 GeV)

. » Boost factor required to have a sizable

e" signal
—>NB: constraints from p-bar datall

*Other hypothesys possible and under

___________________________________________________________________

study (i.e. Minimal DM Model, ...)

——————————————————————————————————————

_ LKP -- M= 300 GeV
. ' (Hooper & Profumo 2007

T

S
/
__}_ /
| X L1

N \
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Which DM spectra can fit the data?

Eg a DM with: -mass Mpy = 150 GeV

Pogitrons:

30%

-annihilation DM DM — W*TW~
(a possible SuperSymmetric candidate: wino)
Anti-protons:

D

PAMELA OB

=
5
2
D=
=
&
2
&

Lielil Eopsiiind

1 S N | 18 1 1 3 RUFIEll S, ) I |

10 102 10° 10° 10*

Positron energy in GeV p kinetic energy in GeV
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Which DM spectra can fit the data?

E.g. a DM with: -mass Mpy = 10 TeV
-annihilation DM DM — WTW~
but...: -boost B = 2 - 10*
Positrons: Anti-protons:

30% | 1

r PAMELA O8

PAMELAOE ¢
®: i
s L

107 | / T
j background?

SRR B N

10 10° 1’ 10

Positron energy in GeV P kinetic energy in GeV

= 20000 s | boost =~ 20000
! SRR e —— ettt i
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B.S.

Which DM spectra can fit the data?
- -mass Mpy = 9.7TeV
-annihilation DM DM — WTW ™
-boost B ~ 30

Positrons: Anti-protons:

Positron fraction

J0% |

r:l

107
AMELA 08 '

preliminary

o & 4 8t ]
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[ ”.:‘ackgmund?
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Which DM spectra can fit the data?
Model-independent results:

fit to PAMELA positrons + anti-protons

o s Bl T T e & T

1000 3000 10000 30000
DM mass in GeV

(1) annihilate into leptons (e.g. ;") or
(2) annihilate into W™ W~ with mass > 10 TeV

T
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Primary positron sources

AStrOthSical prOCeSSCS . All pulsars (rate = 3.3 / 100 years)

—h (Hooper, Blasi, Seprico 2008) e

___________________________________

. Local pulsars are well-known sites of
e"e” pair production (the spinning B of the
pulsars strips e- that emit gammas then converting
to pairs trapped in the cloud, accelerated and then /

et ifa"re’)

escaping at the Poles) : 10 I

—> they can individually and/or coherently | F . \
contribute to the e*e” galactic flux and - '
explain the PAMELA e™ excess (both I NS~ -~
spectral feature and intensity) :

/
1 !\IIIII‘

: _ - * PAMELA
— No fine tuning required

— if one or few nearby pulsars dominate,

: : e
anisotropy could be detected in the angular g 10 By (G&.}]“z

distribution

—> possibility to discriminate between pulsar
and DM origin of e* excess

___________________________________________________________________
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Or perhaps it’s just a young, nearby pulsar...

‘Mechanism’: the spinning B of the pulsar strips e~ that
emit + that make production of e* pairs that are trap-
ped in the cloud, further accelerated and later released
at 7 ~0— 10° YT.
Must be young (T < 10° yr) and nearby (< 1 kpc);
- N if not: too much diffusion, low energy, too low flux.
Geminga puldar Predicted flux: ®,. ~ E~Pexp(E/E,) with p ~2 and
FEe ~ many leV

Try the fit with known nearby pulsars and diffuse mature pulsars:

—

™ |-'r'r"'r-|- T —-

diffuse mature &

nearby young
pulsars E

D>500 pe'

dN,«/dE,» El+(GeV®* m™ 57! ar™?

| i .'_ | |.-:| : . P 1 a bewayl _
200 500 3 20 100 200
E. (GeV)
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E.3CgNiE, 251 ar-1 Geva)

(Chang et al 2008)

1,000

-
=

10 100
Energy (QeV)

PAMELA positron excess might be connected with ATIC
electron+positron structures
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PAMEILA is also studying ...

Galactic cosmic-ray origin &
propagation

Solar physics

Magnetospheric physics

Work in progress !! No time to talk about it ..
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Conclusions (I)

* PAMELA 1s the first space experiment which is measuring the
antiproton and positron cosmic-ray components to the high energies
(>100GeV) with an unprecedented statistical precision

— search for evidence of DM candidates

—> “direct” measurement of particle acceleration in astrophysical sources (pulsars?)

e Furthermore:

— PAMELA 1s providing measurements on low-mass elemental (and isotopical) spectra
with an unprecedented statistical precision

— study of particle origin and propagation in the interstellar medium

— PAMELA is able to measure the high energy tail of solar particles.

— PAMELA 1s measuring composition and spectra of trapped and re-entrant albedo
particles in the Earth magnetosphere

Very interesting results on the positron side:
Evidence of new physics ?

+ Roberta Sparvoli + March 2", 2009 + La Thuile



Conclusions (II)

____________________________________________________________

PAMELA positron fraction alone
insufficient to understand the
origin of positron excess

Additional experimental data will be provided

by PAMELA:

— e* fraction @ higher energy (up to 300 GeV)

— individual e and e™ spectra

— anisotropy (...maybe)

— high energy e*+e” spectrum (up to 2 TV)

. Complementary information from:

— gamma rays

_ neltrihos

10¢

* PAKELA

+

+
—
Hj,’

\
!\IIIII

102
Energy (GeV)

Very exciting time when LHC starts to work !
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Back up slides
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H and He spectra
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Fllux x 3% {m® ' ster” Bey™™)

Proton flux

__________

2 :
g 1
- Power-law fit: ~ EV
w1 vy~ 2.76
E 1g = \
m .:-lﬂ ENP o« QP}\esc'
& al S /
- 1¢* |--||-l : P f . s . I
E e i « Proton of primary origin !
0 [ =ty e - 1 « Diffusive shock-wave acceleration in SNRs |
- e p J— 1 | « Local spectrum: !
. - = AWE. He ! - - - - - !
[ i o carucEm e | 1 injection spectrum ® galactic propagation
: | 1 i Local primary spectral shape: |
é,-m;ﬂ%z@‘;arév”%ﬁf“ ! E . e . :
AT AT i . = study of particle acceleration mechanism
Lalw PPeL i i T T oo .
- J,'*fﬁ_'";"; t ‘.."I It ] (statistical errors only)
i *}":ﬁ ] :IIII ] ] ] IIIIII ] ] LB _J | 1] ] ]
[ & - 1 1 1¢ s
# | NB! still large discrepancies Kinetie Encray [Gev
among different primary flux
measurements
.qul]q.‘ | { | !l;lqlr ] L il l]ID7 L | I IIIIII!J‘— 1 | I.II]';F

Energy per particle (GeV}
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Secondary nuclei

RN (IR, Grenly ofal Rl B AT

- RS
i 6412
= ST FEnay alEl. EREET
b, ) - P ELE SIS
:1._{_ F . CRZAA, 20 4 8., Aske-p) CEDE 19131
e i i

'« B nuclei of secondary origin: | ,
: CNO +ISM - B + ... g l
. « Local secondary/primary ratio sensitiveto I_

' average amount of traversed matter (1)

[ |

. from the source to the solar system i o
i wy, Geldh
. Local secondary abundance: L 7

— study of galactic CR propagation I,__i _______________________

' (B/C used for tuning of propagation models) —S oC }\esc -0

L ENP
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Antiprotons

& wE Dormate 2061 (DRC, o= 50y
.............. Weaalerh 2002 (g, w= 15

— Puckin 2005 (D, o= 800V

10%

16*

) kinetis energy (GaV)

Antiprotons results can be used to constraint propagation models
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H and He spectra
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H and He spectra

2

htistical grrorsjonly)

|
=
i

LLEITTE 17

A
=
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Fivex {(arbitrary units)
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‘ Ve
. = Precise measurement of spectral shape

> Possibility to study time variations and transient
phenomena
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Proton-spillover background

MDR =1/c,
(evaluatement—by—event by
the fitting routine) p-bar
Gl
ﬁ*lm:— . . ':" T,
— . .. * .' ., ® M _.J" i-.'-;
1000— ¢ 4 e o Yo,
et ; ...:....':..1...: ...... .:.-.‘.r..n....l..f.: ......... STTITTITIT T
e T R DL S
: ‘- .---J. '-.- ) ":--. ) .
G — * . -: . - - '
: : -'l -.:'.I'..'-I.' N " 'l.:-
m-_ : * > ' -' *a ) * -. .
C ¢ 8 v e Tt
wmE .
C 1 I 1 1 1 I 1 1 1 I 1 1 1
41 &.03 .09 .G

deflact 4
MDR depends on: ction (@V)
» number and distribution of fitted points along the trajectory
* spatial resolution of the single position measurements

* magnetic field intensity along the trajectory
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Proton-spillover background

—————————————————————————————————————————————————

] \ \\\\ \ \\\\ |
E ""E MDR > 850 GV

Strong track requirements: |
sstrict constraints on y? (~75% efficiency)
srejected tracks with low-resolution
clusters along the trajectory

- faulty strips (high noise)

- 0-rays (high signal and multiplicity) -

0,02
daflection (@V)

2
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