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Past, present and future experiments
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The PAMELA apparatus

TOF (S1)

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

ANTICOINCIDENCE

ANTICOINCIDENCE
TOF (S2)

MDR from test beam data= 1TV

%

ANTICOINCIDENCE

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

TOF (S3) (s o 1 e p rejection factor ~ 10°

e e- rejection factor > 104
CALORIMETER
GF ~20.5 cm~sr
NEUTRON M A
DETECTOR J-’J = N _/J Jﬁ_J -
Size: 1')J,§-1 X45 cm?
ND p/e separation capabilities >10 Power Budget: 360 W

above 10 GeV/c, increasing with energy




Pamela Instrument

L

of Flight

(three scintillators,
6 planes, 48 phototubes)
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Principle of detection

Electrons Positrons Protons

e 171 MV : et 169 MV




I \_ I Flight data: 14.4 GV | / |
— non-interacting proton ===
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Flight data: 36 GV
interacting proton
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Fitted, single track 0
High lever arm, Nx S
Rigidity R>0 £ particles
Beta>.2 < albedo

. - - Q
No anticoincidence > Darticles

<

*Montecarlo efficency for A
cuts
*Trigger efficiency

*Tracking efficiency

*Multiple Scattering
Correction for energy loss in

Jet

*Back scattering...

«Systematics

about 1-2% uncertainty on

abs flux.
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10igidity (GV)



High precision

cosmic ray I Pamela results
measurements ~,

challenge and ) e, Physics Reports
constrain models of ", Proton (Flare) 544, 4, 323-370
production, -

acceleration and
propagation of
cosmic ray in the
Galaxy and the
heliosphere

Helium

T [ Antiproton-(SAA)

— .Electron " _
. -

Science 2011
arXiv:1103.4055
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http://lanl.arxiv.org/abs/1103.4055
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Log10 Magnetic Field (T)

Pamela Physics objectives in the Hillas Plot
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Cosmological scale,
(beyond Cosmic Microwave Background)

Matter / Antimatter Asymmetry in the Universe

Sakharov conditions
1) Direct violation of baryonic number
particle “X” decays breaking baryon symmetry

2) CP violation
to avoid specular antiparticle decay

3) Non thermal equilibrium at a given time

To avoid baryon compensation through inverse
processes

Sakharov, A.D. 1967, J. of Exper. and Theo. Phys. Letters, 5, 24-28,

“Violation of CP Invariance, C Asymmetry, and Baryon Asymmetry of the Universe”




Matter — Antimatter domain separation?

= Antihelium and antinuclei search

= y-ray = 0.1 GeV from annihilation in
Antihelium search boundary regions

« Current limit: separation above
cluster of galaxy (> 10 Mpc)

Steigman, G. 1976, Ann. Rev. Astron. | | 33
Astrophys. 14, 339,

““Observational tests of antimatter cosmologies”

» Observable?
« Magnetic fields ?
« Survival probability?
Ahlen, S.P. et al. 1982, ApJ, 260, 20,

“Can we detect antimatter from other galaxies?”



Search for antinuclel

107 »

= : “EnguQed_region
- 5 |
Antihelium also >
from primordial =
nucleosyinthesis =
Antinuclei only BT BT

Rigidity, GV

from antistars

107 :
- Smoot et al. (1975)
1072 Aizu et al. {1961) Evenson et al. (1972)

Evenson et al. (1972)
1079 . Smoot et al. (1975)
~ Badhwar et al. (1978) BESS-TeV (2002)
Goldenetal. (1997) ——+———————

104
Buffington et al. (1981)

107° -

AMS-01 (1998)

10° .

10—7; Al BESS Results (1993-2007)  Pamela (2006-2009)

-
-
o
52
32
n
[=1]
@
h—
E
=
Q
Q
(=9
=
E
=]
]
=
E
=
]
=
=
[
<

10" 10° 10’ 10° 10°
Rigidity, GV




Search for exotic matter: Strangelets

(Lumps of Strange Quark Matter)
Roughly equal numbers of u,d,s quarks in a

single ‘bag’ of cold hadronic matter.

u,d,s quark matter
might be stable

L. NoOt limited in A
~ L) A=100, 1000....

Z is almost zero due to
cancellation of quark
charge

Z=2 A=4 (He) Could account for a

ZIA=0.5 7Z/A=0.286 (small) part of DM

Also candidate of
UHECR




Upp. Limit {mi?y sr)

Strangelet upper limit

0
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= 3 mmmmmmmnns Phys Rev, D71, 014026 {20035)
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Cosmic rays on Galactic scale:
Nuclel, protons, antiprotons,
isotopes

" 300001y

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 QObserved in gamma by Agile and Fermi

HESS TeV emision from SNR RX J1713.7-3946 - hadronic inter. Of cr. E>10714eV 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 inyoung 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). A
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). Ak
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




Pamela galactic proton and He

2006-2008

Different spectral index
for proton and helium.
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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

p/He

Ratio P/He: Rigidity

ay= -0.101+-0.002
10 ..\ —
E M
Solar modulation 930-240GV
11 ......1|0 1(|}2 | 1||{}3

R (GV)



Acceleration / Propagation iIs a
rigidity phenomenon

Total Kinetic energy
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Excellent overlap with
previous experiments
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BESS

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

Brige with ATIC &
CREAM toward high

Flux x Ez'?( m”*2 s sr GeV/n) 1% GeVIn?’
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—&—— BESS Polarll proton flux —&—— BESS Polar ll
PAMELA Jan 2008 ( 071228 - 080123)

PAMELA Dec 2007 ( 071130 - 071227)
T T T T 171
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At higher energies:

Cream data
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...at yet higher energies
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Conclusion from Proton and Helium

 Proton and Helium undergo differen
processes even in GeV-TeV scale

« Change in spectral index around
230-240GV

Needed to bridge to high energy

Various hypotesis to explain Pamela
data 5 ATICO
o PAMELA

o Additional Sources wolfendale 2011, 2012 o w010

- I Rigidity p. GV
 Spallation, Propagation Biasi & Amato r
2011, 2013

« Weak local component (+ others)
Vladimirov, Johanesson, Moskalenko 2011

e Reacceleration Thoudam & Horandel, 2013
e Various models, Moskalenko 1108.1023
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B/C ratio

Propagation in the Galaxy

ApJ 791 2 2014
* BI/C ratio
Secondary/primay
CNO+I SM 9 B I 2 3 45 ];.‘.3[. ('w:i:;' 20 30 4050 100

NB / NC oC 7\'esc "OcnooB

-> Propagation in the
Galaxy

Time of permanence of cr




Propagation in the galaxy
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* Flux depends on

solar modulation

» Ratiois less

dependent

« Strong tool for

evaluating
secondary
particle
production in the
galaxy

* Complementary

to B/C

ApJ 770:2, 2013 [IR:

H and He Isotopes
Propagation iIn the Galaxy




Antiprotons

 Secondary production, kinematics well
understood

e Probe for extra sources
e Galactic scale

collision

; % secondary
relativistic proton i antiproton
proton at rest
(cosmic ray) (interstellar gas)




Indirect Dark matter search in space

9 quarks O electrons-
: : @ & & - . ﬂ- posntrons
t:‘} annihilation ' r . 2
w* " , s * @ ¥ "
4 leptons N e nentrinos
Dark ~ b . = ; pe vcvtv“ e
Matter 2 ' . . '
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Search (and constrain) Dark Matter

(s1ap1jjo2 8poIEed)
MOU uoonpoJd Juaiiyg

Efficient annihilation now
(Indirect detection)
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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) j3—' Ptuskin et al.
11 ApJ 642 2006 902
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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
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PRL. 105, 121101, 2010 Kinetic energy [GeV]

PRL 102:051101,2009




Antiproton absolute flux

Apparently no Donato et al. (ApJ 563 (2001) 172)

extra sources & 10"

=
Rule out and 31 02
strongly >
constrain many =10
models of DM

o
o
)
o
10
J—
[
(4]
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0

S M. Asano, et al, Phys. Lett. B 709 (2012) 128.
R. Kappl et al , 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)

Galsctic Longitude
a

Synchrotron Radiation and ;
Inverse Compton Y
Limit propagation to 1-2 kpc: &

725-105371' — ]

.....

< 205001y



Pamela positron fraction

T T 1T

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




Pamela positron fraction:
comparison with other data
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AMS & FERMI confirm PAMELA data

Anomalous
source at high

energy : u.45 [ T T 1T T T T T I T 11 | I T T I T 1T T I _
Im __ -— —

= — @ PAMELA _
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Absolute positron spectrum
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Solid - Galprop ApJ M&S 1998

Dot - second. Delahaye, AA 2010
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Secondary production +
T R collision 3‘_ 3
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Solar modulation at minimum of solar cycle 23-24: 2006-2013
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Charge dependent solar modulation of low energy positrons

*Charge dependent solar modulation

*Separate gA>0 with gA<0 solar cycles
Evident in the proton flux

*Observed in the antiproton channel by
BESS

Full 3D solution of the Parker equation
— drift term depends on sign of the
charge
N e,
"~ Electrons
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N . \
U\ R
(Sun s e\
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,— positrons
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Positive particles
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Solar modulation of galactic protons and nuclei

Very long and peculiar
solar minimum.
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Current solar cycle (24)
late and weak.

[
S
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Closer to interstellar
medium.

Good reference field
for dosimetry
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Solar modulation at minimum of solar cycle XXI1-XXIV
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GRADIENTS IN THE HELIOSPHERE L=5AU
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Gradients in the heliosphere
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Figure 6: Radial and latitudinal ¢

selection criteria and fit methods, as in Tab. 2.




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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GEOMAGNETOSPHERE, VAN ALLEN BELTS

GPS




Selection of galactic component according to

geomagnetic cutoff
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http://lanl.arxiv.org/abs/1412.1765
http://lanl.arxiv.org/abs/1412.1765

Discovery of stably trapped antiprotons in Earth’s radiation belt

Selesnick et al. 2007
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Gusev et al. 2008
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et Pamela results
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http://lanl.arxiv.org/abs/1103.4055

-Pamela is operating successfully in space

— . *Expected three years of operations — survived 8.5!

4 @s *Mission prolonged at least 1 more year

sHope toicontinue measure deep in the 24t sglar cycle
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