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SummarySummary

•• This presentation is aimed at understanding experimental and dataThis presentation is aimed at understanding experimental and data
analysis issues of PAMELA measurements.analysis issues of PAMELA measurements.

•• (1) The PAMELA experiment:(1) The PAMELA experiment:
–– description of mission and apparatus; description of mission and apparatus; principle of operation.principle of operation.

•• (2) Measurement of relative fluxes of antiparticles:(2) Measurement of relative fluxes of antiparticles:
–– (2.a) antiproton/proton ratio;(2.a) antiproton/proton ratio;
–– (2.b) positron/(positron+electron).(2.b) positron/(positron+electron).

•• (3) Measurement of absolute fluxes:(3) Measurement of absolute fluxes:
–– (3.a) protons;(3.a) protons;
–– (3.b) antiprotons;(3.b) antiprotons;
–– (3.c) Helium;(3.c) Helium;
–– (3.d) electrons.(3.d) electrons.
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(1) The PAMELA(1) The PAMELA
experimentexperiment
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PAMELA scientific objectivesPAMELA scientific objectives

•• Study Study antiparticles in cosmic raysantiparticles in cosmic rays..

•• Search for Search for dark matter annihilationdark matter annihilation  (e(e++ and p-bar spectra). and p-bar spectra).

•• Study cosmic-ray Study cosmic-ray production and propagationproduction and propagation..

•• Study Study composition and spectracomposition and spectra of cosmic rays (including light of cosmic rays (including light
nuclei).nuclei).

•• Search for Search for anti-Heanti-He (primordial antimatter). (primordial antimatter).

•• Study Study solar physicssolar physics and  and solar modulationsolar modulation..

•• Study of Study of terrestrial magnetosphereterrestrial magnetosphere and  and radiation beltsradiation belts..
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The missionThe mission

Quasi-polar low-earth elliptical orbit Quasi-polar low-earth elliptical orbit (70.0°, 350 - 610 km).(70.0°, 350 - 610 km).

- - Traverses and operates in the South Atlantic Anomaly.Traverses and operates in the South Atlantic Anomaly.

- Crosses the outer (electron) Van Allen belt at south pole.- Crosses the outer (electron) Van Allen belt at south pole.

•• PAMELA installed on Russian satellitePAMELA installed on Russian satellite Resurs-DK1, inside Resurs-DK1, inside
a pressurized container.a pressurized container.
–– Mission started on June 2006, extended to 5 years totalMission started on June 2006, extended to 5 years total

lifetime.lifetime.
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Trigger rateTrigger rate

SAA

SAA
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GF: 21.6 cm2 sr
Mass: 470 kg
Size: 130 · 70 · 70 cm3

Power Budget: 360 W Spectrometer
microstrip Si tracking system (TRK) + permanent magnet
- Charge sign (particle/antiparticle discrimination)
- Momentum
- Charge value from dE/dL

Main requirements: high-sensitivity particle identification and precise momentum measurement

Time-Of-Flight (TOF)
plastic scintillators + PMT:
- Trigger
- Upward-going rejection
- Mass identification up to 1
GeV
- Charge value from dE/dL
Electromagnetic calorimeter
W/Si sampling (16.3 X0, 0.6 λI)
- Discrimination e+ / p,  p-bar / e-

 (shower topology)
- Direct E measurement for e-/e+

Neutron detector
polyethylene + 3He counters:
- High-energy e/h discrimination

The instrumentThe instrument
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Track reconstructionTrack reconstruction

<B> = 0.43 T

- permanent hollow magnet.
- 6 planes of double-sided (X-
Y) microstrip Si sensors.
- Spatial resolution: 3÷4 mm.

- Iterative χ2 minimization as
a function of track state-
vector components α.

Magnetic spectrometer

Magnetic rigidity: R = pc/Ze (GV)
(includes sign of the charge Z)

Magnetic deflection: η=1/R (GV-1)

MDR (Maximum Detectable Rigidity) 
value of |R| for which σR=|R|
MDR ~ 1 TV

(σR directly measured at beam test)
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In-flight spectrometer alignment (1/2)In-flight spectrometer alignment (1/2)

•• Step 1: incoherent alignment.Step 1: incoherent alignment.
–– correction for random displacements of thecorrection for random displacements of the

sensors (~ 10 sensors (~ 10 μμmm););
–– done with done with relativistic protons;relativistic protons;
–– minimization of spatial residualsminimization of spatial residuals as a as a

function of the roto-traslational parametersfunction of the roto-traslational parameters
of each sensor.of each sensor. measured step 1

X side

Flight data
Simulation

•• After step 1:After step 1:
–– spatial residuals arespatial residuals are

centered;centered;
–– measured width ismeasured width is

consistent with simulatedconsistent with simulated
combination of nominalcombination of nominal
resolution + alignmentresolution + alignment
uncertainty (~ 1 uncertainty (~ 1 μμmm).).
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In-flight spectrometer alignment (2/2)In-flight spectrometer alignment (2/2)

•• After step 1, (possible) global distortions mightAfter step 1, (possible) global distortions might
mimic a residual deflection: mimic a residual deflection: ηηmeas meas = = ηηrealreal++ΔηΔη..
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•• Step 2: coherent alignment.Step 2: coherent alignment.

–– done with done with electrons and positronselectrons and positrons;;
–– cross-calibration CALO-TRKcross-calibration CALO-TRK exploiting exploiting

brehmsstrahlungbrehmsstrahlung before spectrometer: before spectrometer:

•• CALO energy uncertainty ±CALO energy uncertainty ±εε  isis
symmetric for esymmetric for e-- and e and e+ + ;;

•• spectrometer global distortion spectrometer global distortion ΔηΔη
gives a charge-sign dependent effect.gives a charge-sign dependent effect.

•• evaluated evaluated ΔηΔη  ~ -~ -1010-3-3 GV GV-1-1
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p
d

3He

4He

Li

Be

B,C

TRK average

e±

(saturation)

Measurement of |Z|Measurement of |Z|

CALO 1st plane

Bethe-Bloch
ionization energy-loss
of heavy (M>>me)
charged particles
(TOF, TRK, CALO)
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Measurement of velocity Measurement of velocity ββ

- 3 double plastic
scintillator planes.

- Give trigger to the apparatus.
- With double layers, trigger efficiency (~100%) is
measured with in-flight acquired data.

TOF (Time-of-Flight)

- Particle identification at
low energy.
- Several independent β
measurements.

- Reject upward going
particles, which mimic
downward-going
antiparticles.
- 300 ps TOF resolution vs.
3 ns flight time.
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Discrimination between Discrimination between ee--/e/e++ and and
hadronhadron

electron (R=17GV)hadron (R=19GV)

5%a
E

b
a

E

ó
E <!=

Energy measurement
of electrons and
positrons (~full
shower containment)

- 22 modules: Y Si-strip +
W layer + X Si-strip.

- Total depth:
16.3 X0  or 0.6 λI.

- Longitudinal and lateral
segmentation.
- dE/dL from single
strips.
- Clear imaging of
interaction topology.Amount of neutrons

in ND helps
discrimination

Electromagnetic sampling CALO
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PAMELA nominal capabilitiesPAMELA nominal capabilities

ParticleParticle Energy range (with 3 years statistics)Energy range (with 3 years statistics)

•• AntiprotonsAntiprotons 80 80 MeVMeV - 190  - 190 GeVGeV
•• Protons                 Protons                 up to 700 up to 700 GeVGeV

•• Positrons              Positrons              50 50 MeVMeV - 270  - 270 GeVGeV
•• Electrons   Electrons   up to 400 up to 400 GeVGeV
•• Electrons+positronsElectrons+positrons  up to 2 up to 2 TeVTeV (without charge sign) (without charge sign)

•• Light Nuclei Light Nuclei up to 200 up to 200 GeV/nGeV/n (He/Be/C) (He/Be/C)
•• AntinucleiAntinuclei search search

Upper limits from
CALO lepton/proton
discrimination

Upper limits from
TRK rigidity
measurement

Simultaneous measurement of many cosmic-ray species.

New energy range.

Unprecedented statistics.
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Typical PAMELA eventsTypical PAMELA events

58.1 GV 

positron
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36 GV 
interacting proton
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ª Elena
Vannuccini ª
Genuary 8th, 2009
ª

0.763 GV

annihilating antiproton
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9.7 GV 
non-interacting Helium 
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1.2 GV
stopping nucleus

(Z~12)
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(2) Measurement of relative(2) Measurement of relative
fluxes of antiparticlesfluxes of antiparticles
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•• The absolute differential fluxThe absolute differential flux of a particle species in a given energy of a particle species in a given energy
bin is defined as:bin is defined as:

and measured in particles/(s and measured in particles/(s ≅≅  GeVGeV  ≅≅ m m22  srsr), with:), with:

–– NNSELSEL :  : number of selected events, during the live time Tnumber of selected events, during the live time TLIVELIVE (s), giving (s), giving
trigger and satisfying a set of selection cuts which ideally reject alltrigger and satisfying a set of selection cuts which ideally reject all
unwanted background.unwanted background.

–– εεTRIGTRIG : : trigger efficiency. trigger efficiency.
–– εεSELSEL :  : combined efficiency of all the selection cuts.combined efficiency of all the selection cuts.
–– G: G: geometric factor (geometric factor (mm22  srsr) for the instrument acceptance.) for the instrument acceptance.

•• Dependence of all quantities from the bin (energy) is implicit.Dependence of all quantities from the bin (energy) is implicit.

•• All the involved factors and their energy dependence must beAll the involved factors and their energy dependence must be
measured.measured. Sergio Ricciarini – 16th PAMELA Software Meeting
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minmax

!
"

!!!=
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Relative vs. absolute antiparticle fluxesRelative vs. absolute antiparticle fluxes



 S. Ricciarini       EPA 09

Relative vs. absolute antiparticle fluxesRelative vs. absolute antiparticle fluxes

•• Relative differential fluxes of antiparticles:Relative differential fluxes of antiparticles:
–– (2.a) proton/antiproton flux ratio;(2.a) proton/antiproton flux ratio;
–– (2.b) positron fraction over the (2.b) positron fraction over the positron+electronpositron+electron flux. flux.

exploit the fact that particle and antiparticle behave almostexploit the fact that particle and antiparticle behave almost
identically in the detectors.identically in the detectors.

•• If the same selection cuts are usedIf the same selection cuts are used for antiparticle and particle, for antiparticle and particle,
then the relative fluxes are given by ratios of selected events:then the relative fluxes are given by ratios of selected events:

–– systematic errors related to all other terms are thus avoided;systematic errors related to all other terms are thus avoided;
–– residual differences in interactions are taken into account as (small)residual differences in interactions are taken into account as (small)

corrections.corrections.
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(2.a) Antiproton/proton(2.a) Antiproton/proton
ratioratio
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Antiproton/proton analysisAntiproton/proton analysis

•• This analysis is used here as a first illustrative template of theThis analysis is used here as a first illustrative template of the
general approach to measure particle fluxes with PAMELA.general approach to measure particle fluxes with PAMELA.

•• Three main steps:Three main steps:
–– (Step I) basic event selection;(Step I) basic event selection;
–– (Step II) (Step II) p-bar/ep-bar/e-- discrimination with CALO; discrimination with CALO;
–– (Step III) (Step III) p-bar/pp-bar/p separation with TRK (the main issue). separation with TRK (the main issue).
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•• Aim of the selection cuts:Aim of the selection cuts:
–– reject background;reject background;
–– guarantee a precise measurement of rigidity R.guarantee a precise measurement of rigidity R.

•• All cuts are applied for both charge signs.All cuts are applied for both charge signs.

•• Clean event pattern:Clean event pattern:
–– single track satisfying single track satisfying minimal TRKminimal TRK

requirementsrequirements (discussed later); (discussed later);
–– no activity in CARD+CATno activity in CARD+CAT..

•• |Z|=1|Z|=1  from dE/dL vs. R.from dE/dL vs. R.

•• ββ vs. R consistent with m vs. R consistent with mpp (at energies < m (at energies < mpp):):
–– reject pions from interaction.reject pions from interaction.

•• Downward-going particle Downward-going particle (TOF (TOF ββ).).
•• R > 1.3 R > 1.3 RRcutoffcutoff  ((StoermerStoermer vertical geomagnetic vertical geomagnetic

cutoff):cutoff):
–– conservatively reject reentrant (non-galactic)conservatively reject reentrant (non-galactic)

particles.particles.

S1

S2

CALO

S4

C
A
R
D

C
A
S

CAT

TOF

ND

TRK

.

S3

(Step I) Basic event selection(Step I) Basic event selection
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Geomagnetic cutoffGeomagnetic cutoff

0.4 to 0.5
1.0 to 1.5
1.5 to 2.0
2 to 4

> 14
10 to 14
7 to 10
4 to 7

Geomagnetic 
cutoff (GV)

Magnetic equator: below
cutoff no galactic, only
reentrant-albedo protons
(downward moving)

Magnetic poles:
galactic protons

(PAMELA data: statistical errors only)
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•• Minimal track requirements Minimal track requirements for good rigidity measurement:for good rigidity measurement:
–– at least 4 X (bending view) + 3 Y hits;at least 4 X (bending view) + 3 Y hits;
–– energy-dependent cut on track energy-dependent cut on track χχ22 (~95% total efficiency); (~95% total efficiency);

–– consistent TRK+TOF+CALO spatial information.consistent TRK+TOF+CALO spatial information.

Magnetic rigidity R = pc/Ze (GV)
Magnetic deflection η = 1/R (GV-1)

MDR (Maximum Detectable Rigidity)
MDR=1/ση (ση spectrometer deflection resolution)

MDR depends on event characteristics and is evaluated
event-by-event with the fitting routine:

- number and distribution of fitted points along
the track;

- spatial resolution of the single position 
measurements (varies with track inclination and 
strip noise);

- magnetic field intensity along the track.

Momentum and charge sign with TRKMomentum and charge sign with TRK



 S. Ricciarini       EPA 09

electron (R=17GV)hadron (R=19GV)

22 modules (Y Si-strip +
W layer + X Si-strip)

Total depth:
16.3 X0  or 0.6 λI

(Step II) (Step II) p-bar/ep-bar/e-- discrimination discrimination

•• Contamination from eContamination from e-- on p-bar sample  on p-bar sample is reduced to ais reduced to a
negligible amount.negligible amount.

–– ee-- are easily identified in CALO from interaction topology: are easily identified in CALO from interaction topology:
•• interact in the first CALO layers;interact in the first CALO layers;
•• give well contained, compact EM showers;give well contained, compact EM showers;

–– on the other hand, most hadrons on the other hand, most hadrons interact well deep in the CALO orinteract well deep in the CALO or
do not interact at all.do not interact at all.
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p-bar/ep-bar/e-- discrimination discrimination

•• The CALO offers an excellentThe CALO offers an excellent
discrimination betweendiscrimination between
electromagnetic and electromagnetic and hadronichadronic
interactions.interactions.

•• Several Several topological variables topological variables can becan be
defined.defined.

•• As example,As example,  the the energy density inenergy density in
the shower core weighted by thethe shower core weighted by the
depth in depth in the calorimeter.the calorimeter.

•• Total rejection factor Total rejection factor >10>1044 for e for e--  fromfrom
beam tests and simulation.beam tests and simulation.

•• Residual eResidual e-- contamination after all contamination after all
topological cuts are applied istopological cuts are applied is
negligible.negligible.

Positively
charged
particles

Negatively
charged
particles e-

p

p
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Selected sample after all previous cutsSelected sample after all previous cuts

e- (and p-bar)

p-bar

p

-1 ←  Z  → +1
p (and e+)

basic
cuts

e- rejection based
on CALO topology

1 GV5 GV

spillover
protons

•• At high energies the p-bar sample can contain At high energies the p-bar sample can contain ““spilloverspillover””
protons (i.e. with protons (i.e. with wrong measured charge signwrong measured charge sign), as consequence), as consequence
of the deflection uncertainty of the deflection uncertainty σσηη=1/MDR=1/MDR..
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[black]
Selection with additional cuts:
- stronger constraints on χ2 at high energies (~75%
efficiency);
- rejected tracks with low-spatial-resolution clusters
along the trajectory:

- faulty strips (high noise);
- δ-rays (high signal and multiplicity).

Protons
and
spillover

Antiprotons R = - 50 GV
R = - 10 GV

•• Spillover proton backgroundSpillover proton background is the main issue for this analysis, because of the high (~ is the main issue for this analysis, because of the high (~
101044) ) p/pp/p-bar ratio in cosmic rays.-bar ratio in cosmic rays.

–– Defined a set of additional optimized TRK requirements to improve MDR ofDefined a set of additional optimized TRK requirements to improve MDR of
selected events.selected events.

[black+hatched blue]
High-precision subsample:
minimal track requirements
and
MDR > 850 GV

(Step III) (Step III) p-bar/pp-bar/p charge-sign charge-sign
separationseparation
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p-bar

R = - 10 GV

R= - 50 GV

Protons
and
spillover

Further additional rigidity-dependent cut to reject residual spillover:
MDR > 10 · |R| or equivalently |η| > 10 · ση

Residual spillover contamination is finally reduced to a negligible amount.

subsample with
MDR > 850 GV
(used for cut study
and optimization)    ↑ 

MDR > 10 · |R|  ↑ 

p-bar/pp-bar/p charge-sign separation charge-sign separation
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•• Excellent agreement withExcellent agreement with
recent data from otherrecent data from other
experiments.experiments.
–– One order of magnitudeOne order of magnitude

improvement in statistics.improvement in statistics.
–– Most extended energy rangeMost extended energy range

ever achieved.ever achieved.

•• Correction factors areCorrection factors are
included and ~ one order ofincluded and ~ one order of
magnitude less thanmagnitude less than
statistical error.statistical error.
–– CALO efficiency (differentCALO efficiency (different

for p-bar and p);for p-bar and p);
–– loss of particles forloss of particles for

interactions.interactions.

•• Not included but negligible:Not included but negligible:
residual residual ππ contamination contamination
(discussed later).(discussed later).

Antiproton/proton ratio (PRL Antiproton/proton ratio (PRL 102, 102, 2009)2009)
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Antiproton/proton ratio (PRL 102, 2009)Antiproton/proton ratio (PRL 102, 2009)

•• Ratio increases smoothlyRatio increases smoothly
with energy from 4 x 10with energy from 4 x 10-5-5 and and
levels off at ~ 1 x 10levels off at ~ 1 x 10-4-4..

•• Our results are Our results are enoughenough
precise to place tightprecise to place tight
constraintsconstraints on parameters on parameters
relevant for secondaryrelevant for secondary
production calculations.production calculations.

•• Our data above 10 Our data above 10 GeVGeV place place
limits on contributions fromlimits on contributions from
exotic sourcesexotic sources, e.g. dark, e.g. dark
matter particlematter particle
annihilations.annihilations.
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New preliminary antiproton/protonNew preliminary antiproton/proton
ratioratio

PRELIMINARY

•• Included further collected statistics.Included further collected statistics.
•• Energy range extended in both directions.Energy range extended in both directions.
•• New analysis points are fully consistent with old ones.New analysis points are fully consistent with old ones.

•  PAMELA (preliminary)
•  PAMELA PRL 102 (2009)
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(preliminary)

PRELIMINARY

New preliminary antiproton/protonNew preliminary antiproton/proton
ratioratio

•• For the highest bin, the cut For the highest bin, the cut MDR > 6 MDR > 6 ·· |R| |R| is used to increase is used to increase
statistics.statistics.
–– Estimation of spillover background is under way.Estimation of spillover background is under way.
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(2.b) Positron fraction(2.b) Positron fraction
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•• Results discussed here have been published in Results discussed here have been published in Nature 458 (2009),Nature 458 (2009),
607-609607-609..

•• Analyzed data: July 2006 - February 2008.Analyzed data: July 2006 - February 2008.
•• Total acquisition time ~ 500 days.Total acquisition time ~ 500 days.
•• ~~ 1  1 ··  10109 9 triggers (~ 8.8TB of data).triggers (~ 8.8TB of data).

•• Identified Identified ~150 ~150 x x 101033 electrons electrons and  and ~9 x 10~9 x 1033 positrons positrons with energy with energy
between 1.5 and 100 between 1.5 and 100 GeVGeV..
–– Collected 180 positrons above 20 Collected 180 positrons above 20 GeVGeV..

•• Analysis of new data with extension of energy range in bothAnalysis of new data with extension of energy range in both
directions is under way.directions is under way.

High-energy positron fraction analysisHigh-energy positron fraction analysis
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High-energy positron fraction analysisHigh-energy positron fraction analysis

•• Basic cuts: similar to antiproton/proton ratio.Basic cuts: similar to antiproton/proton ratio.

•• Rigidity measured by TRK.Rigidity measured by TRK.
–– BrehmsstrahlungBrehmsstrahlung inside spectrometer taken into account (cross-check inside spectrometer taken into account (cross-check

with CALO energy measurement).with CALO energy measurement).

•• ee--/e/e++  charge-sign separation (spillover rejection)   charge-sign separation (spillover rejection) is much easieris much easier
than for than for p-bar/pp-bar/p::
–– ee--/e/e++ ratio is relatively small at high energies (~10) with respect to  ratio is relatively small at high energies (~10) with respect to p/pp/p--

bar (~10bar (~1044).).

•• Main issue for this analysis: Main issue for this analysis: ee++/p/p separation with CALO. separation with CALO.
–– ππ0 0 →→  γγγγ  from from hadronichadronic showers might mimic pure EM showers; showers might mimic pure EM showers;

–– p/ep/e++ ratio increases for increasing energy (10 ratio increases for increasing energy (1033 at 1 GV; 10 at 1 GV; 1044 at 100 GV). at 100 GV).
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ee++/p/p separation with CALO separation with CALO

•• Positron identification based on:Positron identification based on:
–– total detected energy total detected energy ((““energy-rigidity matchenergy-rigidity match””););
–– shower topologyshower topology (lateral and longitudinal (lateral and longitudinal

profile, shower starting point).profile, shower starting point).

•• Procedure can be divided into 2 steps.Procedure can be divided into 2 steps.

•• (Step I) p background suppression with CALO.(Step I) p background suppression with CALO.
–– The required p rejection factor is larger than 10The required p rejection factor is larger than 1055..

•• (Step II) evaluation of residual p background.(Step II) evaluation of residual p background.
–– Given the importance of the measurement, thisGiven the importance of the measurement, this

evaluation is based only on flight data.evaluation is based only on flight data.
–– Beam-test and/or simulation calibrations areBeam-test and/or simulation calibrations are

not introduced in the measurement, but used not introduced in the measurement, but used forfor
cross-check purposes.cross-check purposes.

51 GV positron

80 GV proton
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(Step I) Background suppression with(Step I) Background suppression with
CALOCALO

Z = -1

Z = +1

Rigidity: 20-30 GVFraction F of energy
released in CALO
along the track in a
cylinder of radius
0.3 rMolière
(central + 2 lateral Si
strips)

LEFT HIT RIGHT

strips

pl
an

es

0.6 RM

(e+)

p (non-int)

p (int)

p-bar (int)

e-

p-bar (non-int)

Z = -1

Z = +1

after basic event cuts,
before CALO cuts
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e- e+

int. p

non-int. + int. protons
non-int. p-bar

↑ ‘electron cut’
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•• Consider the Consider the ratioratio between  between totaltotal energy measured by CALO and energy measured by CALO and
rigidity measured by TRK.rigidity measured by TRK.
–– For electrons (positrons) ratio is constant over rigidity.For electrons (positrons) ratio is constant over rigidity.

Cut on Cut on ““energy-rigidity matchenergy-rigidity match””
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e+

p

p-bar

e-

Z = -1

Z = +1

Fraction F of energy
released in CALO
along the track

+
Constraints on:

Energy-rigidity match

Rigidity: 20-30 GV

all non-interacting
and most
interacting protons
are rejected

Cut on Cut on ““energy-rigidity matchenergy-rigidity match””
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•• Proton background was alsoProton background was also
characterized at beam tests.characterized at beam tests.

pp

ee--

ee++

pp

Flight data.
Rigidity: 20-30
GV

Beam-test data after same cuts are applied.
Rigidity: 50 GV

ee--
ee--

ee++ pp

Energy-rigidity match

Shower starting point

Z = -1

Z = +1

Constraints on:

Cut on shower starting pointCut on shower starting point
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e- e+

p

Selected sample after previous cutsSelected sample after previous cuts
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•• Cross-check with Cross-check with flight data from neutron detectorflight data from neutron detector to validate the to validate the
selection procedure.selection procedure.

Cross-check: ND flight dataCross-check: ND flight data

ee--

pp

ee--

ee++

pp

Neutrons detected by NDRigidity: 20-30 GV

ee++

Z = -1

Z = +1

Residual p background

Fraction F



 S. Ricciarini       EPA 09

Flight data: 
51 GV positron

Cut on longitudinal shower profileCut on longitudinal shower profile
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Cut on longitudinal shower profileCut on longitudinal shower profile

Rigidity: 20-30 GV

Fraction F of energy
released in CALO
along the track

+
Constraints on:

Energy-rigidity match

Shower starting point

Longitudinal profile

Z = -1

Z = +1

•• Less than 1 proton out of 10Less than 1 proton out of 1055 survives the complete set of CALO survives the complete set of CALO
cuts, with ecuts, with e++ selection efficiency 80%. selection efficiency 80%.
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Cross-check: energy loss in TRKCross-check: energy loss in TRK

Rigidity: 10-15 GV Rigidity: 15-20 GV

ee--ee--

ee++ee++pp

pp

pp

pp

•• Top: Top: protonproton and  and electronelectron samples, identified with TRK only samples, identified with TRK only
(charge sign).(charge sign).

•• Bottom: Bottom: protonproton and and positron (+ residual p background)  positron (+ residual p background) samples,samples,
identified with present CALO requirements.identified with present CALO requirements.
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(Step II) Evaluation of residual p(Step II) Evaluation of residual p
backgroundbackground

•• Proton contamination obtained directly from flight dataProton contamination obtained directly from flight data and and
subtracted subtracted with statistical with statistical ““bootstrapbootstrap”” analysis (no simulation analysis (no simulation
involved).involved).
–– Two Two reducedreduced, completely equivalent, CALO geometries are used to, completely equivalent, CALO geometries are used to

characterize the F distribution for positron and proton after all CALOcharacterize the F distribution for positron and proton after all CALO
cuts are applied.cuts are applied.

POSITRON SELECTION 20 W planes: ≈15 X0

2 W planes: ≈1.5 X0

PROTON SELECTION
20 W planes: ≈15 X0

2 W planes: ≈1.5 X0
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e-

p

e+

Rigidity: 28-42 GV
electron selection

positron + residual p
background selection

proton selection

p

reduced
CALO (20
out of 22
modules)

Considered three F distributions in reduced calorimeter after applying all CALO cuts:
(a) e- selected in upper CALO.
(b) protons “pre-sampled” in first 2 modules, then selected in lower CALO.
(c) e+ with residual p background, selected in upper CALO.

Samples (a) and (b) are used to estimate and subtract the proton contamination.

Evaluation of residual p backgroundEvaluation of residual p background

(a) 

(b) 

(c) 
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Positron fraction (Nature 458, 2009)Positron fraction (Nature 458, 2009)

•• One order of magnitudeOne order of magnitude
improvement in statisticsimprovement in statistics
over previousover previous
measurements.measurements.

•• Most extended energy rangeMost extended energy range
ever achieved.ever achieved.

•• Expected furtherExpected further
improvements with newimprovements with new
data.data.
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line: secondary production,
Moskalenko and Strong,
Astrophys. J. 493 (1998) 

Positron fraction at high energiesPositron fraction at high energies

•• At high energies our data showAt high energies our data show
a significant increase witha significant increase with
energy.energy.

•• This cannot be explained byThis cannot be explained by
standard models of secondarystandard models of secondary
production of cosmic rays.production of cosmic rays.
–– Either a significant change inEither a significant change in

the acceleration orthe acceleration or
propagation models is needed;propagation models is needed;

–– or a primary component isor a primary component is
present.present.

•• Among primary-componentAmong primary-component
candidates:candidates:
–– annihilation of dark matter inannihilation of dark matter in

the vicinity of our galaxy;the vicinity of our galaxy;
–– near-by astrophysical sources,near-by astrophysical sources,

like pulsars.like pulsars.
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••  At low energies our results  At low energies our results
are systematically lowerare systematically lower
than data collected in 1990than data collected in 1990’’s.s.

––  Clem 2007 (with much  Clem 2007 (with much
lower statistics) islower statistics) is
consistent with PAMELA.consistent with PAMELA.

••  This is interpreted as effect  This is interpreted as effect
of charge-sign dependentof charge-sign dependent
solar modulation.solar modulation.

––  our data are enough  our data are enough
precise to allow tuning ofprecise to allow tuning of
models of the models of the heliosphereheliosphere..

••  Ruled out as negligible a  Ruled out as negligible a
possible combined effect of:possible combined effect of:

––  asymmetry of  asymmetry of
spectrometer magneticspectrometer magnetic
field;field;
––  East-West effect or  East-West effect or
reentrantreentrant  albedoalbedo particles. particles.

Positron fraction at low energiesPositron fraction at low energies
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(3) Measurement of(3) Measurement of
absolute differential fluxesabsolute differential fluxes
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•• Measurement of absolute differential flux requires the evaluation ofMeasurement of absolute differential flux requires the evaluation of
several additional factors:several additional factors:

•• Specifically, the evaluation of Specifically, the evaluation of εεSELSEL, if not properly addressed, can, if not properly addressed, can
introduce systematic errors, whose weight can be greater thanintroduce systematic errors, whose weight can be greater than
residual contamination background:residual contamination background:
–– possible energy-dependent bias in possible energy-dependent bias in εεSELSEL  can alter the flux spectral index.can alter the flux spectral index.

•• Protons, given the high statistics and low backgroundProtons, given the high statistics and low background
contamination, can be used to define optimized methodologies:contamination, can be used to define optimized methodologies:
–– for the direct measurement of for the direct measurement of εεSELSEL with experimental data; with experimental data;
–– aiming at reducing the overall systematic error aiming at reducing the overall systematic error εεSELSEL to the order of few to the order of few

%.%.

Absolute flux and selection efficienciesAbsolute flux and selection efficiencies

( )
GEET

N
binJ

SELTRIGLIVE

SEL
1111

minmax

!
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PAMELA geometric factor GPAMELA geometric factor G

•• G defined to include only effect ofG defined to include only effect of
instrument geometryinstrument geometry and  and magneticmagnetic
fieldfield..
–– interactions are taken intointeractions are taken into

account as a further (generallyaccount as a further (generally
small) simulated correction.small) simulated correction.

•• With such method:With such method:
–– G(R) depends only on rigidity;G(R) depends only on rigidity;
–– a very precise (deterministic)a very precise (deterministic)

numerical approximationnumerical approximation
technique has been developedtechnique has been developed
in addition to usual Monte Carloin addition to usual Monte Carlo
technique;technique;

–– overall calculation error < 0.5%overall calculation error < 0.5%
at high energies.at high energies.

•• Defined a Defined a fiducialfiducial 92% volume to 92% volume to
avoid avoid systematicssystematics at acceptance at acceptance
borders from mechanicalborders from mechanical
tolerances (tolerances (~ 500 ~ 500 μμmm))..

Rigidity (GV)Rigidity (GV)
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(3.a) Proton absolute flux(3.a) Proton absolute flux
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General approach for p fluxGeneral approach for p flux

•• Given the absence of high-statistic sourcesGiven the absence of high-statistic sources
of contamination in the proton sample, aof contamination in the proton sample, a set set
of standard cuts is sufficient to reject allof standard cuts is sufficient to reject all
unwanted events:unwanted events:
–– clean event pattern clean event pattern (ANTI, TOF);(ANTI, TOF);
–– minimal track requirement minimal track requirement for good rigidityfor good rigidity

measurement;measurement;
–– galacticgalactic particle (downward, above cutoff); particle (downward, above cutoff);
–– |Z|=1|Z|=1 from  from dE/dLdE/dL vs. R. vs. R.
–– loose MDR cut: loose MDR cut: MDR > MDR > RRmaxmax(bin(bin).).

•• Selection with CALO is not necessary:Selection with CALO is not necessary:
–– negligible positron contamination.negligible positron contamination.

S1

S2

CALO
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Measurement of selection efficiencyMeasurement of selection efficiency

•• Selection efficiency Selection efficiency εεSELSEL(R) experimentally measured with flight(R) experimentally measured with flight
data.data.

•• Main effort to select as much as possible clean and unbiasedMain effort to select as much as possible clean and unbiased
samples.samples.

•• In particular, reduce and correct possible In particular, reduce and correct possible ““sample distortionsample distortion””
effects:effects:
–– the distribution of energy and of incidence point and direction of thethe distribution of energy and of incidence point and direction of the

protons in the efficiency sample can be different with respect to theprotons in the efficiency sample can be different with respect to the
ideal required one;ideal required one;

–– if coupled to a corresponding non-homogeneity of the measuredif coupled to a corresponding non-homogeneity of the measured
efficiency, this can introduce a significant bias in the measuredefficiency, this can introduce a significant bias in the measured
efficiency.efficiency.

•• Simulation used to cross-check experimental efficiencies and toSimulation used to cross-check experimental efficiencies and to
apply second-order corrections for residual biases.apply second-order corrections for residual biases.

•• Results derived with proton analysis are applied to the other, lessResults derived with proton analysis are applied to the other, less
abundant, particle species.abundant, particle species.
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Measurement of selection efficiencyMeasurement of selection efficiency

•• εεSELSEL operatively defined as the product of  operatively defined as the product of relative efficienciesrelative efficiencies (i.e. (i.e.
conditioned probabilitiesconditioned probabilities) corresponding to several sets of cuts:) corresponding to several sets of cuts:
–– (1) TRK basic: single track, no other requirements(1) TRK basic: single track, no other requirements
–– (2) TOF: (2) TOF: ββ>0 and pattern consistent with single TRK track>0 and pattern consistent with single TRK track
–– (3) TRK minimal requirements (hits + (3) TRK minimal requirements (hits + χχ22))
–– (4) no activity in CAT+CARD (anticoincidence)(4) no activity in CAT+CARD (anticoincidence)
–– (5) (5) |Z|=1 from |Z|=1 from dE/dLdE/dL vs. R vs. R
–– (6) TRK MDR > (6) TRK MDR > RRmaxmax(bin(bin))

•• Each efficiency is independently, experimentally measured;Each efficiency is independently, experimentally measured;
–– by defining relative efficiencies, by defining relative efficiencies, correlationscorrelations between different sets are between different sets are

automatically taken into account.automatically taken into account.

MDRTRKdLdETRKANTIhitTRKTOFbasicTRKSEL _/___ 2 !!!!!!!
"

#####=
+
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•• It is derived by selecting a proton sample with TOF, ANTI andIt is derived by selecting a proton sample with TOF, ANTI and
CALO.CALO.
–– Particle tracks are reconstructed in the calorimeter, back-propagatedParticle tracks are reconstructed in the calorimeter, back-propagated

and required to be inside the and required to be inside the fiducialfiducial acceptance volume. acceptance volume.
–– Trajectories are approximated as straight lines (uncertainty estimatedTrajectories are approximated as straight lines (uncertainty estimated

with simulation to be negligible in the rigidity region of interest).with simulation to be negligible in the rigidity region of interest).

•• Below about 1 Below about 1 GeVGeV the particle rigidity is reconstructed by the particle rigidity is reconstructed by
measuring the velocity with the TOF and assuming a proton mass.measuring the velocity with the TOF and assuming a proton mass.
–– Above such threshold no independent rigidity information is availableAbove such threshold no independent rigidity information is available

in experimental data.in experimental data.
–– Anyway, from simulation the TRK efficiency does not show anyAnyway, from simulation the TRK efficiency does not show any

significant variation with rigidity.significant variation with rigidity.

•• The geometric distribution of this efficiency sample is not perfectlyThe geometric distribution of this efficiency sample is not perfectly
isotropic while the TRK basic efficiency is not uniform over theisotropic while the TRK basic efficiency is not uniform over the
acceptance range:acceptance range:
–– a corresponding (~1%) correction is derived by simulation.a corresponding (~1%) correction is derived by simulation.

Efficiency of TRK basic cutEfficiency of TRK basic cut
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Preliminary proton spectrumPreliminary proton spectrum

•• Combined corrections from simulations (efficiency biases, particleCombined corrections from simulations (efficiency biases, particle
loss or contamination from interactions) are loss or contamination from interactions) are ~~1% above few GeV.1% above few GeV.

PRELIMINARY
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Preliminary proton spectrumPreliminary proton spectrum

•• Upper energy range limited by the uncertainty in TRK rigidityUpper energy range limited by the uncertainty in TRK rigidity
measurement.measurement.
–– evaluation of systematic from rigidity uncertainty is under way;evaluation of systematic from rigidity uncertainty is under way;
–– it mostly concerns higher rigidity bins (it mostly concerns higher rigidity bins (““unfoldingunfolding”” methods under methods under

study);study);
–– critical issue, since it affects spectral index.critical issue, since it affects spectral index.

PRELIMINARY
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(3.b) Antiproton absolute(3.b) Antiproton absolute
fluxflux
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•• All proton cuts.All proton cuts.

•• Additional cuts (as for Additional cuts (as for p-bar/pp-bar/p ratio): ratio):
–– electron rejection with CALO;electron rejection with CALO;
–– pionpion rejection at low energies with  rejection at low energies with ββ vs. R; vs. R;

–– further track quality requirements to rejectfurther track quality requirements to reject
““spilloverspillover”” protons. protons.

•• All selection efficiencies evaluated withAll selection efficiencies evaluated with
proton samples:proton samples:
–– assumed identical response of theassumed identical response of the

apparatus for p and p-bar;apparatus for p and p-bar;
–– correction for hadronic interaction incorrection for hadronic interaction in

CALO from simulation.CALO from simulation.

Antiproton selection criteriaAntiproton selection criteria



 S. Ricciarini       EPA 09

Antiproton selection criteriaAntiproton selection criteria

deflection (GV-1)

deflection (GV-1)

deflection (GV-1)

e-,e-,ππ-- e+,e+,ππ++

pp pp
e-,e-,ππ-- e+,e+,ππ++

pp
pp

pp pp
pp pp

NN

HeHe

deflection (GV-1)

deflection (GV-1)

deflection (GV-1)

Basic cuts

Basic cuts
+ dE/dL selection
 (TRK) 
+ β selection

Basic cuts
+ dE/dL selection
 (TRK) 
+ β selection 

+ Calo selection

Basic cuts

Basic cuts
+ dE/dL selection

(TOF+TRK)

Basic cuts
+ dE/dL selection

(TOF+TRK)
+ β selection

+ Calo selection

Beta distributions S1 dE/dL distributions
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Residual pion contaminationResidual pion contamination

•• Protons interacting in the material surroundingProtons interacting in the material surrounding
PAMELA can generate PAMELA can generate ππ-- which mimic p-bar. which mimic p-bar.

•• Residual contamination of Residual contamination of ππ-- passing selection cuts passing selection cuts
estimated with extensive and accurate FLUKA2006-estimated with extensive and accurate FLUKA2006-
based simulation.based simulation.
–– Contamination is Contamination is ~ 10% at 1 GeV, < 1% above 3 GeV.~ 10% at 1 GeV, < 1% above 3 GeV.

•• Simulation results areSimulation results are
validated by comparisonvalidated by comparison
withwith
flight data (<1 GV flight data (<1 GV pionpion
sample).sample).
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PRELIMINARY

Preliminary p-bar spectrumPreliminary p-bar spectrum

•• Evaluation of Evaluation of systematicssystematics is under way. is under way.
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PRELIMINARY

Preliminary p-bar spectrumPreliminary p-bar spectrum
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F. Donato et al., Ap.J. 536 172
(2001), Φ=500MV, with
indeterminacy of the diffusion
(black line) and nuclear (blue line)
parameters.

PRELIMINARY

Preliminary p-bar spectrumPreliminary p-bar spectrum
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(3.c) Helium absolute flux(3.c) Helium absolute flux
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•• Redundant |Z|=2Redundant |Z|=2
identification withidentification with
independent detectors (TRK,independent detectors (TRK,
TOF, CALO first plane).TOF, CALO first plane).
–– selection efficiency can thenselection efficiency can then

be measured with flight data.be measured with flight data.

Selection of HeliumSelection of Helium

Also: residual contamination from
proton after TRK selection can be
measured with TOF.
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Preliminary He spectrumPreliminary He spectrum

•• Evaluation of Evaluation of systematicssystematics is under way. is under way.
PRELIMINARY

•  PAMELA (preliminary)
•  AMS-01
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(3.d) Electron absolute flux(3.d) Electron absolute flux
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Electron selectionElectron selection

•• Two different approaches under development.Two different approaches under development.

•• (Approach 1) Strong TRK cuts to select negative charges(Approach 1) Strong TRK cuts to select negative charges, loose, loose
CALO cuts.CALO cuts.
–– Advantage: CALO selection efficiency is high and ~ constant withAdvantage: CALO selection efficiency is high and ~ constant with

energy.energy.
–– Disadvantage: main background from spillover protons, limitsDisadvantage: main background from spillover protons, limits

energy range to ~ 200 energy range to ~ 200 GeVGeV (same mechanism seen for the positron (same mechanism seen for the positron
fraction).fraction).

•• (Approach 2) Strong CALO cuts to reject hadrons(Approach 2) Strong CALO cuts to reject hadrons, loose TRK cuts., loose TRK cuts.
–– Advantage: energy range can be extended up to ~ 400 Advantage: energy range can be extended up to ~ 400 GeVGeV..
–– Disadvantage: efficiency depends on energy and must be measuredDisadvantage: efficiency depends on energy and must be measured

with simulation.with simulation.

•• Both approaches are currently under finalization.Both approaches are currently under finalization.
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ConclusionsConclusions

•• PAMELA has precisely measured and published both PAMELA has precisely measured and published both p-bar/pp-bar/p ratio ratio
and of positron fraction over a wide energy range.and of positron fraction over a wide energy range.
–– Further analysis with new collected statistics is under way, extendingFurther analysis with new collected statistics is under way, extending

energy ranges to the design limits.energy ranges to the design limits.

•• Measurements of absolute differential fluxes of several particleMeasurements of absolute differential fluxes of several particle
species are currently being finalized.species are currently being finalized.

•• PAMELA is expected to collect data until at least June 2011.PAMELA is expected to collect data until at least June 2011.

•• Several other items are currently under study:Several other items are currently under study:
–– light nuclei (up to Z = 8);light nuclei (up to Z = 8);
–– spectra of high-energy Solar Energetic Particles (SEP);spectra of high-energy Solar Energetic Particles (SEP);
–– radiation belts: morphology and energy spectrum;radiation belts: morphology and energy spectrum;
–– search for anti-He;search for anti-He;
–– study of isotope composition (d, study of isotope composition (d, 33He).He).


