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Past, present and future experiments
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CONFIGURED FOR A FREE FLYING SATELLITE
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The PAMELA apparatus

Spatial Resolution
e =~ 2.8 um bending view
e =~ 13.1 um non-bending view

TOF (S1)

ANTICOINCIDENCE

%

ANTICOINCIDENCE

ANTICOINCIDENCE

TOF (S2)

MDR from test beam data=1TV

SPECTROMETER

Calorimeter Performances:
e p/e* selection eff. ~ 90%

TOF (S3) e e p rejection factor ~ 10°
e ¢” rejection factor > 104
CALORIMETER
GF 20,5 cr=sr
NEUTRON [
DETECTOR JJJ '_]_)_)J —_f_/_) /J )
Slzal 120,045 ol
ND p/e separation capabilities >10 Powar Budgats 350 1YY

above 10 GeV/c, increasing with energy
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Verni L llati Command / Measurement
ernier engine installation antenna

/ Solar battery
Coordinate / time
synchronization antenna =

/

Accessories module

Pamela Research
Hardware
pressurized container

Instrument module

Research
g hardware module
Instrument ) h
pressurized container

Cooler
Star tracker ™

-~

//

Npelerstons Soleiionon
VRL (high rate datalink) /
antenna \

Optronic equipment

/
Command TWeasurerment / \ Infrared local
antenna

Y vertical reference







Concentrate on
measurements

For
interpretation(s)
see later talks

et Pamela results
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High precision
cosmic ray
measurements
challenge and
constrain models of
production,
acceleration and
propagation of
cosmic ray in the
Galaxy and the
heliosphere

On several different
scales

- Modeling

- Dose and risk
estimation for
astronauts on ISS
and Moon/Mars

et Pamela results
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PAMELA, a Space observatory at 1AU

: _ Solar Energetic particles : Low Cuf
Galactic cosmic ray -

Matter / Antimatter
Dark Matter

heliosphere
Solar Modulation

[_cutoff <= 0600000024 |

Interplanetary Physics,
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Search for antinuclel
cosmological matter-antimatter asymmetry

Antihelium also : oot et ol (1975
from primordial ~ 107} Aizu et al. (1961) Evenson et al. (1972)
nucleosyinthesis :

Evenson et al. (1972)

995%

i . Smoot et al. (1973)
Antinuclei only

] Badhwar et al. (1978) RESS-TeV (2002)
from antistars

Golden et al. (1997)
Buffington ct al. (1981)
Also strange

guark matter
AMS-01 (1998)

- AMS02
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All BESS Results (1993-2007) PAMELA (2006-2009)
JEPT letters 93, 11,
628-631, 2011

10 10
Rigidity, GV

M. Casolino, INFN & University Roma Tor Vergata




Cosmic rays on Galactic scale:
Nuclel, protons, antiprotons,
isotopes

a0

200001y
150° 210
180°



Cosmic rays are accelerated
in Supernova explosions
(probably)

e Meet energy criteria

e First order Fermi shock acceleration Keplers’ supernova
produces power law spectrum

e Observed in gamma by Agile and Fermi
e Blasi, ICRC1291

HESS TeV emision from SNR RX J1713.7-3946 = hadronic inter. Of cr. E>10"14eV F. Aharonian, et

al., Astron. Astrophys. 464, 235 (2007).

X-ray measurements of the same SNR -> evidence that protons and nuclei can be accelerated E>10"15

eV in young SNR Uchiyama, et al., Nature 449, 576 (2007).

AGILE: diffuse gamma-ray (100 MeV — 1 GeV) SNR IC 443 outer shock = hadronic acceleration M.

Tavani, et al., ApJL 710, L151 (2010). B
Fermi: Shell of SNR W44 have - decay of pi0 produced in the interaction of hadrons accelerated in the ;(
shock region with the interstellar medium A. Abdo, et al., Science 327, 1103 (2010).
Starburst galaxies (SG), where the SN rate in the galactic center is much higher than in our own, the

density of cosmic rays in TeV gamma-rays (H.E.S.S infers cosmic rays density in SG NGC 253 three

orders of magnitude higher than in our galaxy F. Acero, et al., Science 326, 1080 (2009).

VERITAS: SG M82 cosmic rays density is reported to be 500 times higher than in the Milky Way ,

VERITAS Collaboration, et al., Nature 462, 770 (2009 Tycho'’s supernova




B/C ratio

Propagation in
Galaxy

« B/Cratio
Secondary/primay

—%— PAMELA
—— Galprop
1 | —%— CREAM
I— —%— TRACER
— —&— ATIC-2
— —&— HEAO
= —&— RN

CNO+ISM - B

Flux x E*” (m?s sr GeV/n)™! (GeV/n)2‘7

o T 8.
- Propagation in T T g

the Galaxy ir&?ﬂ-’%m
Time of permanence fi X

of cr 7 “?@ﬂﬁf*% ALphOP |
Hw L‘%\

B/C

107!

b PAMELA
—&— AMS-02
Galprop

—+— CREAM
—&— TRACER
— —&— ATIC:2 —
—8— HEAO

—&— AMS-01
L L1 1

1 | | 1 1 1 I [ L 1 | Il 1 |- | 1 Il 1
0.4 1 2 3 4 567890 20 30 40 100 200 300
E(GeV/n)




H 1sotopes
Propagation In the Galaxy

* Flux depends on

solar modulation 1H and ZH

« Ratio is less
dependent HIES
« Strong tool for T e o r o5 osoros
evaluating S
secondary particle
production in the

=
>
o
@]
]
a
a
g
v
=
)

galaxy —=— BESS
« Complementary to O o aax
B/C |

by

O. Adriani et al.,

ApJ 770, (2013) 2 2H/1H

Moskalenko 2003
Tomassetti 2012
Coste et al 2012

Moskalenko ICRC832 03 04 05 06 0708

E (GeV/n)




Helium Isotopes

4He and 3He fluxes SHe/*He

T T T T T O 2 C T T T T T T T T ]
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NG i ~O BESS 4 5 0= =
% = B AMS-01 : £ 0.08 + —5— BESS -
= B 7 - —&— IMAX ]
a 0.06— —A— SMILI 7
E —3— SMILI-2 E

0.04 — —&— MASS —

C —— AMS-01 n

0.02— —@— PAMELA .

0.1 0.2 0.3 04 05 06 07 1 L : ‘ ‘ ‘ : ‘ .

E (GeV/n) 8.1 0.2 0.3 04 05 06 0.7 1

E (GeV/n)

O. Adriani et al., ApJ 770, (2013) 2

M. Casolino, INFN & University Roma Tor Vergata




Pamela galactic proton and He

2006-2008

Different spectral index
for proton and helium.

seetetsstbantuses
aase® teantay . o
an® i = Re—
- Wl

-y a
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'Y30_ 10006\/, he = 2.732 +- 0.005 (Stat)
+ 0.008 -0.003 (syst)

Helium percentage is
growing with rigidity

Yo rees i
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Challenges Supernova
only origin of cosmic
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mOdeIS PAMELA systematic error band

PAMELA alignment error band




P/He Ratio

Clean ratio only in Rigidity
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Acceleration is
a rigidity
dependent
effect

The ratio
decreases—>
More He at
high energies
- Acceleration
mechanisms or
sources are
different?
Measurement
valid also
below the (low)
solar
modulation

Ratio P/He: Rigidity

ay= -0.101+-0.002
10 ..\ —
E w
Solar modulation 230-240GV
11 ......1|0 1(|}2 | 1||{}3

R (GV)



« Comparison Pamela -
AMS (ICRC2013)
data

—— PAMELA

—o— AMS02




Excellent overlap with
high energy
experiments

=
=]
B

Break in the spectral
index at 240 GV seems to
point at additional
component

BESS
Brige withATIC &
CREAM toward high

10%— a
energy » :

IMAX

+- 0.004 (syst)

CAPRICES4
CAPRICESB

l% op AMS

B Q ATIC-2
S5 BESS
CREAM

Flux x Ez'?( m”*2 s sr GeV/n) 1% GeVIn?’
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Y15-6 00Gevin, he = 2-71 +- 0.01 (stat)
+- 0.007 (syst)
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—&—— BESS Polar ll
PAMELA Dec 2007 ( 071130 - 071227)

25 srGe
H

Flux {(m
g

g

proton flux —=— BESS Polarll

Flux {m

|2 Is sr %e\l}g"

PAMELA Jan 2008 ( 071228 - 080123)

2

g

1.08

1.06

1.04

1.02

1

0.98

0.96

0.94

0.92

PAMELA data - temporal bunch
—e—— Dec 2007 ( 071130 - 071227)

—o—— Jan 2008 ( 071228 - 080123)

oo bt s bbb

Energy (GeV)

PAMELA & BESS-
Polarll proton
. spectrum
in saine temporal
frame

Agrement within 4%

Constant with years



Flux (m” s sr GeV)"!

PAMELA/BESS
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At higher energies:

Cream data

I ||||||
Yeream = 2.58 £
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FTroton 1ux

Lal
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 AMS-02 Data

5

i Pamela Data M=

Flux x R?” (m?sr's1GV'") ¥

2

10 102 (GV)

We now understand
the systematic errors to ~1%.

Studies with 1% statistical error
will take time to collect the data.

Slide from R. Battiston talk 18-9-2013
Frascati, Rome

inl o

LA Measurements of Cosmic-Ray Proton and Hellum Spectra

Search for structures

al
80 (2011),

L}

28ndence. 1100172
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10°

llllll
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PAMELA &

ICRC 2013 talk

Helium flux
Search for structures
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Science YT
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Check of systematics

Integral proton flux (>50GV)

%‘0.0073:—
Fluxes evaluated by 5 + A
varyingthe "E0.0077— >
selection conditions: e L 3%
e Flux vs time Z0.0076]
* Flux vs polar/equatorial - v
* Flux vs reduced 0.0075— ——
acceptance : + —
*Flux vs different 0.0074 —
tracking conditions (= N ~\—
different response 0.0073- Lo
matrix) o 1 2 3 4 5 6 7 8 9

Time interval (2 months)

Mirko Boezio, INFN-Space/3, Frascati, 18/09/2013



Critical Issue especially for
protons and helium

Flux large = Small GF OK
Only tracker .

Performed only once after
launch
No changes detected in 7 years

Coherent misalignment
Correction with electrons
(or electrons + positrons)
and comparison with
simulation

M. Casolino, INFN & University Roma Tor Vergata




Instrument comparison

MC estimation
Inner only (L2-8)

4500 cm?sr, MDR 0.2 TV
L2-8 + L1

1600 cm?sr, MDR 0.6 TV
28 128+19
950 cm2sr, MDR 0.8 TV

L2-8 + L1 + L9 (Max Span)
300 cm?sr, MDR 2.0 TV

bending

Magnetic cavity sizes ' : n oo T
(132 x 162) mm? x 445
min Large Magnetic Cavity
Field inside the cavity Permanent magnet replaced
0.48 T at the center Superconducting
Only silicon MDR 0.2 TV
Average field along TRD RICH between first and last planes
the central axis of the Need to move one silicon plane on top and
magnetic cavity : 0.43 T bottom
Geometric Factor: 20.5 To increase lever arm 2 2TV
cm’sr Not mechanically stable - Thermal
MDR1.2TV movements
Aligned once in Require align every 20 minutes

seven years. Stable. Average on different orbit
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Conclusion from Proton and Helium

» Proton and Helium undergo different
processes even in GeV-TeV scale

» Change in spectral index around
230-240GV

» Check discrepancy with AMS
- Change present in all analysis ;= Caatton
Needed to bridge to high energy Sy £ o pamma
Various hypotesis to explain Pamela RO
data

» Additional Sources wolfendale 2011, 2012

» Spallation, Propagation Blasi & Amato 2011, 2013

» Weak local component (+ others) viadimirov,
Johanesson, Moskalenko 2011

» Reacceleration
Thoudam & Horandel, 2013
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Antiprotons

« Secondary production, kinematics well
understood

e Probe for extra sources
e Galactic scale

collision

, R secondary
relativistic proton - antiproton
proton at rest
(cosmic ray) (interstellar gas)




Search (and constrain) Dark Matter

Efficient production now
(Particle colliders)

>
Q
=
D
(@)
—
Q.
D
pd
()
O
= 7}
(@)
>

MOU uolje|iyiuue jusioiyy

Efficient scattering now
(Direct detection)

- Pinfold ICRC1280
- Weiner ICRC1303
- Smith ICRC1290



Antiproton/proton ratio

Low Energy -2
Confirms charge
dependent solar
modulation

High Energy -2
Consistent with
models (Galprop,
Donato...)

107 = T T TTTTT] T T TTTIT] T T T T I11T] T

Simon et al.

(ApJ 499 (1998) 250) — Ptuskin et al.
, ]_ ApJ 642 2006 902 |
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10+
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Donato et al.
(PRL 102 (2009)
071301)

BESS 2000 (Y. Asacka et al.)

10° *
] BESS 15953 (A. 5. Beach et al.)
F
L

BESS 1958 (Y. Asacka et al.)
BESS-polar 2004 (K. Abe et al )
CAPRICE 1294 (M. Boezio et al.)
) O CAFRICE 1398 (M. Boezio et al.)
= . B '—"—' ) ! HEAT-pbar 2000 Y. Asacka et al )
N ®  PAMELA

- IIII| | | IIIIII| | | IIIIII| | | IIIIII| |
10°
107 1 10 10°
PRL. 105, 121101, September 13,2010) Kinetic energy [GeV]

PRL 102:051101,2009




Antiproton absolute flux

Apparently no Donato et al. (ApJ 563 (2001) 172)
extra sources o 10"
=
Rule out and 2102
O
strongly 51
. -
constrain many =10
models of DM

o
o
)
o
10
J—
[
(4]

-
ot
0

S M. Asano, et al, Phys. Lett. B 709 (2012) 128.
R. Kappl etal , PRD 85 (2012) 123522
M. Garnyet al, JCAP 1204 (2012) 033
D. G. Cerdeno, et al, Nucl. Phys. B 854

AMS (M. Aguilar et al.)

BESS1999 (Y. Asaoka et al.)

PAMELA new analysis

CAPRICE1994 (M. Boezio et al.)

BESS-POLAR I (K. Abe et al. 2011) y
CAPRICE1998 (M. Boezio et al.) Ptuskin et al. [Apﬁ\\""\\._
BESS2000 (Y. Asaoka et al.) 642 (2006) 902) \ ©
BESS-polar04 (K. Abe et al.)

10 10?
kinetic energy [GeV]



Galactic neighborhood.:
e+, e- (1-2 kpc)

Synchrotron Radiation and "/ .
Inverse Compton
Limit propagation to 1-2 kpc



Pamela positron fraction

T T 1T

A\ (o)
Mikhailov ICRC520,
ICRC516

. Charge
dependent solar
modulation
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Nature 458, 607-609 ( 2009)




Pamela positron fraction:
comparison with other data
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Pamela positron fraction:
Extension at low energy
comparison with current data

PAMELA

PAMELA lower limit 90% CL
AMSO2

Farmi

Aasop

HEATOO

AMSO01
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AMS & FERMI confirm PAMELA data

Anomalous
source at high

\

0.15

01
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» ! .
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Secondary production " NN
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Electron spectrum
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Absolute positron spectrum
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Heliosphere and long term solar modulation
(100 AU)
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Solar modulation at minimum of solar cycle 23-24: 2006-2013
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Solar modulation of galactic protons and nuclel

Very long and peculiar
solar minimum.
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Solar modulation at minimum of solar cycle XXI1-XXIV
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However spherical approximation is not sufficient. E.g. 1 00
charge dependent solar modulation Kinetic enerag

O. Adriani et al., ApJ 765 (2013) 91,

M. S. Potgieter et al., arXiv:1302.1284



Galactic e and e® modulation
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GRADIENTS IN THE HELIOSPHERE L=5AU
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Gradients in the heliosphere
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Solar particle events (1 AU)
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GOES Space Environment Monitor
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Time and rigidity dependence of Forbush decrease
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proton flux during the May 17th flare

proton flux during the January 23rd flare 2012
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Distributions of sub-cutoff proton counts

Olgq VS L-shell
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Geo. Lat vs Long

1
'§ 1“5 T T T T T T T . mg T T T T 10 'E
- @ b
-o ;;m:— ;—_;;:_;,__—-—- ’ 10" z
E o 3
—>. ()] E ‘WE— _./_r_/""r 10 ) -_‘E
O Q. g me (l\/' " E
(© Q- 2 mf \ F i £
85 0 Fa e -
[ g F o, o
e ‘g af- T 1o 10 t%
8 af
oL .1| L .1!1. L1 '1.'2' L1 .1.|3. L1 '1.'-1' L '1.':!' L1 '1.'&' Loy ! . | 1
L-shell [Rel L-shell [Rel
D g " B
4 woom " E
&, @ B,
%JD w8 o,
-U c 10" =
o m— m =
(7)) m = 1" E e
(¢} o £ 2
: Q. e 10 E_
m E g E i
( , 8 =]
S "g . 10 " TSR, . S ERRN ST RS S I
= 2 i I N . CEUNN O B
L N R L ! L | i &0 y ' ' - -
L-shell [Rel L-shell [Rel Geographic longitude [deql
— 180 - P
o . o 10
o & 1m0 1w g E
c g 1 0§ b
© O £ £
: Ee) ﬁ 100 w 8
3]
: w ‘B a0 10* ‘JE-
o) 3 woog
w — = 60 E
<]
(o)) © " oa 10 g
(a'd & &
w

TP SN A ol i i

12 13 14 15 16 ir

L-shell [Rel

n:|II||||1!1||r|

"L-shell [Rel

r
i

Geographic longitude [deql

A. Bruno, F. Cafagna ICRC 292



Discovery of stably trapped antiprotons in Earth’s radiation belt

Selesnick et al. 2007
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«Pamela is operating successfully in space

sExpected three years of operations — survived seven!

*Mission prolonged at least 1 more year
/ @&cntlcal results confirmed by FERMI and AMS
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