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PAMELA

Payload for Matter/antimatter Exploration and Light-nuclei Astrophysics

* Direct detection of CRs in space
* Main focus on antiparticles (antiprotons and positrons)

e PAMELA on board of Russian satellite Resurs DK1

e Orbital parameters:
- inclination ~70° (= low energy)
- altitude ~ 360-600 km (elliptical) — now 500 km (circular)

Launch from Baykonur

- Launched on 15th June 2006
= PAMELA in continuous data-taking mode since then!
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Main requirements: microstrip silicon tracking system + permanent GF: 21.5 cm?sr

- high-sensitivity antiparticle magnet Mass: 470 kg

identification It provides: o

- precise momentum - Magnetic rigidity = R = pc/Ze Size: 130x70X70 cm3
- Charge sign Power Budget: 360W

measurement

- Charge value from dE/dx




PAMELA published results

Antiproton flux + antiproton/proton ratio (100 MeV-200 GeV)

Positron flux + positron/electron ratio (100 MeV-200 GeV)
Electron flux (1 — 500 GeV)

Proton and helium flux (1 GeV - 1.2 TeV)

B/C ratio (500 MeV — 100 GeV)

H and He isotope flux

AntiHe/He

Proton flux vs. time — solar modulation

Trapped antiproton flux

SEP data



Absolute fluxes of primary GCRs

Protons, helium nuclei, light nuclei, electrons
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Deviations from single power Spectral index
law (SPL):
Spectra gradually soften in
the range 30+230 GV

Spectral hardening @ ~ 235
GV

77 2.48

243 GV

Eg: statistical analysis for
protons
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Comparison with AMS: p and He
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Overall systematic uncertainties

\? 20 T T T T T 11 T T T T T T T ]

. : 18:— Hydrogen _:

m At IOW R SEIGCUOI’]- g E Coherent misalignment E
efficiency B IO | e creleney spectrometer |
- o | o systematic error J -

O 14— Live time —

unce rta | ntl €s § E TOTAL (root square sum) E

i L 12 —
dominate é E :
2 10 selection-efficiency .

= Above 500 GV & s uncertainties ]
tracking-system - -
6 ]

(coherent) : -
5 5 4 e ——————— —
misalignment i -
dominates S e
P ; R eI fooimenn pooon foompemqeqe-p-1-]

0 102 10°

R (GV)



Overall systematic uncertainties
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Global picture: good agreement with some “tension”
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A solid measurements,
where almost all
systematics cancel dout.

First clear evidence of
different H and He
slopes above ~ 10 GV.

Ratio described by a
single power law (in
spite of the evident
structures in the
individual spectra)

H/He ratio

vs Rigidity

O. Adriani et al., Science, vol. 332 no. 6025 (2011), arXiv: 1103.4055
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Comparison with AMS: p/He

p/He ratio vs rigidity
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Two independent ways to Adpriani et al. , PRL 106 (2011) 201101
determine electron energy:

spectrometer
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measurements Electron identification:

* Negative curvature in the spectrometer
 EM-like interaction pattern in the calorimeter




Electron absolute flux

O. Adriani et al., Phys. Rev. Lett. 106, 201101 (2011)
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e ot Bremsstrahlung, Synchrotron,

; ..~ Inverse Coniptaon.
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Secondary cosmic rays

Antiparticles (antiprotons, positrons), secondaries from
homogeneously distributed interstellar matter (light nuclei)




Adriani et al. - PRL 105 (2010) 121101
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100 MeV- 200 GeV

Largest energy
range covered
so far !

Antiproton
flux

100 MeV- 200 GeV
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Adriani et al. , Nature 458 (2009) 607
Adriani et al., AP 34 (2010) 1
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Low energy
- charge-dependent solar
modulation (see later)
High energy
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Good agreement with FERMI and AMS data



Positron fraction — global agreement

M. Aguilar et al, PRL 110, 2013
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Adriani et al., PRL 111 (2013) 081102 (2013)
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In the highest bin a lower limit has been estimated
with 90% confidence level, due to a possible
overestimation of the proton contamination.




Positron-excess
Interpretations

Dark matter

- boost factor required

- lepton vs hadron yield
must be consistent with
p-bar observation

Astrophysical processes

- known processes

- large uncertainties on
environmental
parameters
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Positrons: isotropic distribution

. Event map Background map
(\db Angular scale 10°

Significance sky map as a function of the integration radius

Angular scale 10°
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B and C fluxes
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B/C ratio
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Isotopes: H* and H?

Adriani et al. , ApJ 770 (2013) 2
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Isotopes: He3 and He*

Adriani et al. , ApJ 770 (2013) 2
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Solar modulation: proton spectra

O. Adriani et al., ApJ 765, 91 (2013)
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Proton spectra & LIS calculations
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Charge-dependent solar modulation
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Solar events (SEP from Dec. 13, 2006)
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SAA morphology
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Discovery of geomagnetically

trapped antiprotons
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PAMELA overall
results

Results span 4
decades in energy
and 13 in fluxes
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Summary and conclusions (1)

PAMELA has been in orbit and studying cosmic rays for 8 years. Its
operation time will continue until 2015.

°* Antiproton energy spectrum and ratio 2 Measured up to ~300
GeV. No significant deviations from secondary production expectations.

* High energy positron fraction (>10 GeV) - Measured up to ~300
GeV. Increases significantly (and unexpectedly!) with energy. 2>
Primary source?

* Positron flux -> Consistent with a new primary source.
°* Anisotropy studies: no evidence of anisotropy.

* AntiHe/He ratio: broader energy range ever achieved.



Summary and conclusions (2)

* Hand He absolute fluxes = Measured up to ~1.2 TV. Complex spectral structures
observed (spectral hardening at ~200 GV).

*  Hand He isotope fluxes and ratio -> most complete measurements so far.

*  Electron absolute flux > Measured up to ~600 GeV. Possible deviations from
standard scenario, not inconsistent with an additional electron component.

* Solar physics: measurement of modulated fluxes and solar-flare particle spectra
*  Physics of the magnetosphere: first measurement of trapped antiproton flux.
Other studies and forthcoming results:

® Primary and secondary-nuclei abundance (up to Oxygen)

® Solar modulation (long-term flux variation and charge-dependent effects)

® Solar events: several new events under study



PAMELA on Physics Reports

“The PAMELA Space Mission:

Heralding a New Era in PHYSICS REPORTS
Precision Cosmic Ray Physics”

Submitted to Physics Reports (78 pages).

Summarizes published and unpublished

(but final) PAMELA results.



