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Abstract: The PAMELA satellite-borne experiment was launched from the Baikonur cosmodrome on the 15th of June 2006. It has been col
data since July 2006. The instrument is composed of a silicon-microstrip magnetic spectrometer, a time-of-flight system, a silicon-tur
electromagnetic calorimeter, an anticoincidence system, a shower tail counter scintillator and a neutron detector. The primary scientific goe
measurement of the antiproton and positron energy spectrum in order to search for exotic sources, such as dark matter particle annit
PAMELA is also searching for primordial antinuclei (anti-helium), and testing cosmic-ray propagation models through precise measurements
energy spectra of light nuclei and their isotopes. Moreover, PAMELA is investigating phenomena connected with solar and earth physics. T
results obtained in the explored research fields and in particular for antiproton-proton and positron-electron ratios will be presented. (Te
details seminar)
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Scientific goals

Search for dark matter annihilation

Search for antihelium (primordial antimatter) s —

Study of cosmic-ray propagation (light nuclei and
isotopes)
Study of electron spectrum (local sources?)

Study solar physics and solar modulation
Study terrestrial magnetosphere
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PAMELA detectors

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

Time-Of-Flight

plastic scintillators + PMT:

- Trigger

- Albedo rejection:

- Mass identificationup to 1
GeV:

- Charge identification from
dE/dX.

Flectromagnetic calorimeter
W/Sisampling (16.3 X,,. 0.6 ».I)

- Discrimination e+/ p. anti-p/ e

(shower topology)

- Direct E measurement for e

Neutron detector

- High-energy e/h discrimination

GF:21.5cm? sr
Size: 130x70x70 cme | | Sbectrometer
Power Budget: 360W mjcrusfrip silicon tracking system + permanentmagnet —— P
It provides:
- Magnetic rigidity 2> R=pc/Ze
P'ﬁOQOlOOZO =] f!ﬂ]"g e .S“fg i Page 9/142
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Design Performance

€Nnergy range

Antiprotons 80 MeV - 150 GeV
Positrons 50 MeV - 300 GeV
Electrons up to 300 GeV

Protons up to 700 GeV
Electrons+positrons up to 2 TeV (from calorimeter)
Light Nuclei (He/Be/C) up to 200 GeV/n
AntiNuclei search sensitivity of 3x10-38 in He/He

— Simultaneous measurement of many cosmic-ray species
Pirsai-?()lmw energy ra nge Page 10/142



Resurs-DK1 satellite + orbit

Solar array area: 36 m’

esurs-bKi1
Alass: 6.7 ronnes
Heighi: .4 m

g, 328 D

* Resurs-DK1: multi-spectral
imaging of earth’s surface

* PAMEL A mounted inside a
pressurized container

* Lifetime >3 vears (assisted)

* Data transmitted to NIsOMZ,
Moscow via high-speed radio
downlink. ~16 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
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Design Performance

€Nergy range

Antiprotons 80 MeV - 150 GeV
Positrons 50 MeV — 300 GeV
Electrons up to 300 GeV

Protons up to 700 GeV
Electrons+positrons up to 2 TeV (from calorimeter)
Light Nuclei (He/Be/C) up to 200 GeV/n
AntiNuclei search sensitivity of 3x10-3 in He/He

— Simultaneous measurement of many cosmic-ray species
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Resurs-DK1 satellite + orbit

ANMFELA

Solar array area:

esurs-bRki1
Mhass: 6.7 tonnes
Heighi: ".4m

36 m’

* Resurs-DK1: multi-spectral
imaging of earth’s surface

* PAMEIL A mounted inside a
pressurized container

* Lifetime >3 years (assisted)

* Data transmitted to NIsOMYZ,
Moscow via high-speed radio
downlink. ~16 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
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Launch from Baikonur —» June 15® 2006, 0800 UTC

‘First light’ —> June 215t 2006, 0300 UTC.

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

PAMEILA in continuous

data-taking mode since

commissioning phase

ended on July 11* 2006 :

A
: e
rrlgger rate* ZEIHZ Tl —rrems
Fraction of hve time* ~ 75% . S e o Bt ki
Event size (compressed mode) ~5kB ~ T Bt ok caw data dgﬁ baksd
25 Hzx 5 kB/ev—> ~ 10 GB/day ~121(8 -tﬁggers recorded-and analyzed
(Fouiside radiation belts) (Data from April tll nowunder
| | ﬂﬂﬂ]vgiﬂ\l




Resurs-DK1 satellite + orbit

—
e * Resurs-DK1: multi-spectral
imaging of earth’s surface

* PAMEIL A mounted inside a

BR/PANVFL A - "
pressurized container
* Lifetime >3 vears (assisted)
esurs-DK1

Alass: 6.7 ronnes

Heighi: 7.1 m .

|:Ji:u' array area: 36 m’ * Data transmitted to NTSONIZ.
Moscow via high-speed radio
downlink. ~16 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
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Launch from Baikonur —» June 15™ 2006, 0800 UTC

‘Firstight’ - June 215* 2006, 0300 UTC.

» Detectors operated as expected after launch
» Different tnigger and hardware configurations evaluated

PAMELA in continuous

data-taking mode since

commuissioning phase

ended on July 11%* 2006 :

A
. s
T L R
Event size (compressed mode) ~5kB ~12 TB{.fte‘::f ra::datado ik
25 Hzx 5 kB/ev —> ~ 10 GB/day ~12¢10° -tﬁggers recorded-and analyzed
(Fouiside radiation belts) (Data from April tll now under
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The current content of the Universe

0.04% photons
4% ordinary matier

<11.7% hot dark matter
(neutrinos)

A P. Gondolo. IDM 200¢
gy | 20.5% cold
\ dark maiter
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CR Antimatter: available data

Why in space?
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CR Antimatter: available data

Why in space?
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CR Antimatter: available data

Why in space?
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CR Antimatter: available data

Why in space?
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Antiprotons
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CR Antimatter: available data

Why in space?
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CR Antimatter: available data

Why in space?
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Antiproton/ positron identification
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Time-of-flicht:
trigger. albedo
rejection. mass
determination
(ap to 1 GeV)

Bendingin
specirometer:
sign of charge

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

Interaction
pattern in
calorimeter:
electron-like or
proton-like.
electron energy
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CR Antimatter: available data

Why in space?
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CR Antimatter: available data

Why in space?
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Antiproton/ positron identification
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Time-of-flight:
trigger. albedo
rejection, mass
determination
(up to 1 GeV)

Bendingin
specirometer:
sign of charge

Tonisation energy
loss (dE/dX):
magnitude of
charge

Interaction
pattern in
calorimeter:
electron-like or
proton-like.
electron energy
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Analysis ‘recipe’
Select downward-going particles with TokF (At ~ 0.3 ns)
Select MIPs with dE/dx (ToF + tracker)
Multiplicity cuts on S1/52, 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 P for particle ID, < 1 GeV/c




 beta vs deflection _hbetavsdef
Enfries 135296037
3 Mean x 04213
= Maam y ooasy
AMS = 0496
# RMS y 01449

beta vs deflection — after Z1 sel (Trk+ToF) | himtavscut S1 |
Entries 2 S40666e=07T
3 Mean x 0 ALTE
- Maan y 0 e
RMS = 03532
2.5 - RMS y 0.9t

5

4
GV

| beta vs deflection -- after ZIZABETA sel - no electrons | | bativadet 21_mos! |
Entries  1.68744Be=07T
3 fdeam x D184
i Mean y 02304
[ RMS x b 280
25— | AMS y ¢.1182
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Calorimeter Selection
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Proton Background

. . . MDR > 850 GV, no EM shower
* Spectrometer tracking information A

Is crucial for high-energy antiproton i | If
selection :

* Finite spectrometer resolution -
high rigidity protons may be assigned
wrong sign-of-charge

* Also background from scattered
PTO'COHS 10Eselected antiprotons

Entries

* Eliminate ‘spillover’ using strict
track cuts (x2, lever arm, no &-rays,
etc)

* MDR > 10 x reconstructed rigidity R i K

* Spillover limit for antiprotons aaN)

expected to be ~200 GeV. ggli:::r
‘99010020 Page 35/142

PR .2



Antiproton to proton flux ratio

Astro-ph 0810.4994., to appear in PRL
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Low energy antiproton selection

_Eg ! Calorimeter
2 . : interaction
¥ topology
1 I.E
3 L : : : ) 'llhll L
Rigadity [GVic] o l. i

Selected
antiprotons
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selected with tracker dE/dx
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Antiproton Flux
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Antiproton Flux
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Antiproton Flux
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Antiproton Flux
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Antiproton to proton flux ratio

Astro-ph 0810.4994. to appear in PRL
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Antiproton Flux

)

b
Q
I~

g —_— = Bﬂ?;mluv et al é’r
T ! % Buffington et al. 0) g
= A& MASS 1991
mm 10 ¥ BESS 1995-97 B /0
= £ i ~ BESS 1998 1 QO
& i 4 BESS 1999 E =
- | 3% — ¢ BESS 2000 = |
@ T & BESS-polar 04
0] ~ - J. T IMAX 1992 1
- il N O CAPRICE 1934 -
b3 (Lot B CAPRICE 1298
= 8 bl 11 ® PAMELA (preliminary) | _|
- il & PAMELA (this work)
s - ™ iy
=
o
.
=
-
s
1]

IIIIIIl

el

f

|
L Hij

107
! kir]:gtic energy [GeV]

‘09010020 Page 44/142

7 From Petter Hofverberg’s and Alessandro Bruno’s PhD Thesis IE N



Antiproton Flux
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Proton / positron discrimination

Proton

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

Bendingin
specirometer:
sign of charge

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

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

b1}
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Positron selection with calorimeter

Analysis key points:

» test beam data

» simulation

» flicht data dE/dx

» flicht data neutron detector

» from flight data pure proton sample (“pre-sampler method”):

" flicht data background suppression with “standard” cuts

= flicht data background suppression with multi-variate
data analvsis (TMVA)

= flicht data background estimation
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Positron selection with calorimeter

Analyvsis key points:

» test beam data

» simulation

» flicht data dE/dx

» flicht data neutron detector

» from flight data pure proton sample (“pre-sampler method”):

" flicht data background suppression with “standard” cuts

= flicht data background suppression with multi-variate
data analvsis (TMVA)

= flicht data background estimation

Final results make no use of test-beam and/or simulation
calibrations.
The measurement is based only on flight data
=m0 WIth the “background estimation” method  rucae




Positron selection with calorimeter

Fraction of energy released along the calorimeter track (left, hit, right)
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Proton / positron discrimination

57 - Time-of-flight: 5 ===
5 trigger, albedo
\ / rejection. mass \
._ determination (up
T 7 to 1 GeV) T

: " Bendingin _
— - | spectrometer: — —
‘ ‘ sign of charge ‘ |

lonisation energy
| - . = ‘ loss (dE/dx): | -l = ‘
magnitude of charge :

53 :"F‘: 51

Interaction pattern 3
in calorimeter:
electron-like or s
proton-like,

electron energy

v
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* * L L
Positron selection with calorimeter
Fraction of energy released along the calorimeter track (left, hit, right)
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Antiparticle selection
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Positron selection with calorimeter

Rigidity: 20-30 GV
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Positron selection with calorimeter
Rigidity: 20-30 GV
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The “pre-sampler” method

CALORIMETER: 22 W planes: 16.3 X,
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The “pre-sampler” method

CALORIMETER: 22 W planes: 16.3 X,

2 W planes: =1.5 X\, {

= 20W planes: =15 X\,
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The “pre-sampler” method

CALORIMETER: 22 W planes: 16.3 X,

2 W planes: =1.5 \, { |

- 20W planes: =15 X\
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File: L2PAMO7T0506-tree.root - Pkt_num: 1350048
Progressive number: 3503
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TRIGGER:

AC: CARD hir =2 CAT hit=0 CAS hir=10
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The “pre-sampler” method

POSITRON SELECTION

— 20W planes: =15 X\,

} 2 W planes: =1.5 \,

PROTON SELECTION

2 W planes: =1.5 X\, <|:

—

20 W planes: =15 X, —
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Positron selection with calorimeter

TMVA: Toolkit for MultiVariate data Analysis
http://tmva.sourceforge.net/

TMVA host large variety of multivariate
%lassiﬁcation algorithms (cut optimization with

enetic algorithm, linear and non-linear
iscriminant and neural networks, support vector
machine, boosted decisional trees, ...)




Positron selection with calorimeter
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Positron selection with calorimeter
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Marmalized numbar af avanis

imbar af avanis

Harmalized mi

Positron selection with calorimeter

Fraction of charge released along the calorimeter track

(left, hit, right)

Flight data:
rigidity: 20-30 GV
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Positron selection

Rigidity: 20-28 GV
Fraction of charge released ' :
along the calorimeter track
(left, hit. right)
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Positron selection

Rigidity: 20-28 GV

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

e

4

_ E
"'FIIfl|IIi|III||IiII|'I3|IIII|

7 ool mwanis

g

itk

M

E

8

o
i3
e
i
e
-
=1
in
-

5.7 .3 (L] 1
Fracthon of energy ilong the track

—>p'

&

h

sor of avants
W o

Ilflllfl|II-II'|IIIIIill]illlill'lill]llll!l

]

=]
=
L]
[l
(™
—
=
Lm)
=

Fiirmik

]

1

17 [F] VE]
Fractien of enargy dhong e irack

‘09010020

f

Neutrons detected by ND

34"
Ll |
ml

(51]

8

III!I|IIII|||II||III|IIII'|II||]II|I|I|I1

. B L b ol i
8§ 8 B

. # B
J pestems

-

: &
Mumbar of deteciad reuTTng

2
*
or

o
1)

e s ol i mii s

E B

I|||n||II-I|H|||II||II|II|||II||II||II-II|

(=
L=l

et
= =

15 .
Nismbar of datecisd reutrang
Page 71/142

*Energv-momentum match



Positron selection with calorimeter

Rigidity: 42-65 GV
Fraction of charge released ' :
along the calorimeter track
(left. hit. right)
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Positron selection with calorimeter

Rigidity: 42-65 GV

Fraction of charge released
along the calorimeter track
(left. hit. right)
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Positron selection with dE/dX
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Energy loss in silicon tracker detectors: -
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Positron selection with calorimeter

Rigidity: 42-65 GV
Fraction of charge released ' :
along the calorimeter track
(left, hit. right)
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e” background estimation from data

Rigidity: 20-28 GV

300
2
b 3
-
& 200 - 1
by =
2 100 1
£
=
Q
0 a1 02 a3 4 a5 0.8 Q7 0.8 0.8 i
Fraction of energy along the track
o i I ¥ il
= presampler’ p
o
Eal
T
.2 —
=
=
5] 21 02 0.3 4 a5 T a7 a8 049 1
Fraction of energy along the track
30
E
o +
5 20- —
O
o
b |
E
=
Dl rom sclection
0 0.1 02 Q3 04 0s 06 07 0.8 09 |
Fraction of energy along the track
+° Energy-momentum maich

F'ﬁ.OQOIOOZO
2

» Starting point 3t SH&wer
=



e” background estimation from data

Rigidity: 28-42 GV
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