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Cosmic Rays



A mysterious radiation

1903: Rutherford and others found that that the ionization was reduced when
electroscopes were shielded of radioactivity.
« The belief spread that the penetrating radiation came from radioactive

material in Earth's crust...!
« How should such radiation decrease with increasing height ...?

1909: Theodor Wulf could measure ion-production rates as low as one
lon-pair/s. Took his electroscope to top of Eiffel Tower and found the
rate much larger than expected.

1909-11: Swiss physicist Albert Gockel carried a Wulf-type electroscope on
three balloon flights (4500m). He ascribed a considerable part of the
lonization to gamma rays from ‘radioactive substances in the atmosphere’.




Mysterious radiation from above

1910-14: Italian physicist Domenico Pacini made important but little noticed
lonization measurements with an electroscope on land, at sea, and underwater
He concluded that there was penetrating radiation in the atmosphere,
independent of radioactive material in the crust...!

1911-13: Hess designed Wulf-type electroscopes with 3 mm thick brass walls.
He then made 10 balloon flights. On 7 August 1912 the hydrogen filled balloon
would carry him to an altitude of about 5000 m.

This flight revealed a very significant increase of the ionization at high altitude

A month after the decisive flight he reported his results which became known as the
discovery of galactic cosmic rays at a meeting in Munster.

V. F. Hess (1912). "Uber Beobachtungen der durchdringenden Strahlung bei sieben Freiballonfahrten".
Physikalische Zeitschrift 13: 1084—-1091




Mysterious space radiation

Altitude in km

: Werner Kolhorster improved the Wulf 4 6 10 20
electroscope, made five balloon flights in 1914.
He reached 9300 m, measuring an ionization six
times larger than at ground level, confirming
Hess' result.

Variation of cosmic rays
with altitude

€
E
72}
@
[&]
[
@
=]
(%
5
=
=
2
&
o
=
€
>
Q
&

An unknown radiation from space with extreme
penetrating power was causing the ionization.

800 600 400 200 0
Atmospheric pressure in mmHMg

NO mentioning of cosmic rays or particles.

Some scientists were sceptical, especially Millikan in the USA. He could
NOT confirm results with an unmanned balloon flight to 15 km over Texas.




1883: Born in Austria...
1910: Earned his PhD at the University of
Graz.

1912: August 7, conclusive 6 hour balloon
flight to 4500m drifted 200 km north.

1925: Professor of Experimental Physics,

University of Graz.

1931: Professor, and Director Institute of
Radiology, University of Innsbruck.
1936: He was awarded Nobel Prize in
Physics in 1936.

1938: Relocated to the USA. Fordham
University appointed Professor of Physics.
1944: Became an American citizen.

1964: Died on December 17,




Cosmic rays as charged particles

M,P = High Energy

- i i i i i Nucleons
. Dmitri Skobeltsyn in the Soviet Union e Incident Primary

had obtained a cloud-chamber photo that Product Particle

MNucleons

showed a cosmic-ray track...! R Nucear

Disintegration

: Bruno Rossi found that the cosmic-ray e
flux contained a soft component and a hard Low Energy

Nucleonic

component of charged particles with energies ke

(Disintegration

above 1 GeV...! /. Nouthons

Degenerate
to “Slow™
Neutrons)

Then Carl Anderson (Caltech) discovered
the positron. For this he shared the Nobel orsoft ot Hara®

. . Component Component Nucleonic Component
Price with Hess...!

e L —
Energy Feeds across from Nuclear | Small Energy Feedback from
to Electromagnetic Interactions | Meson to Nucleonic Component

: Many new particles were discovered by studying cosmic ray
showers... After two decades of such fundamental discoveries, 1953
marked the transition to accelerator-based particle physics.




A modern picture of the cosmic radiation

Top of the atmosphere
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Primary cosmic ray

Smaller detectors :
but long duration.

Top of atmosphere ] \ -“"40 km

Large detectors but
short duration.
Atmospheric
overburden ~5 g/cm?.
Till 2008 almost all data
on cosmic antiparticles
from these experiments.

~5KM =
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Solar Flare
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Galactic Cosmic Ray Abundance and Composition
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Cosmic Rays in the Milky Way
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Galactic cosmic rays - energetics Ginzburg, 1958, ...

e Cosmic ray power in our Galaxy: ~ 5 x 1040 ergs/s

e Supernovae and their remnants:
Release 10°' ergs, happen 1/30 years. Q ~ 10*2 ergs/s

* Novae (accretion of matter onto white dwarf):
100/year, release 10% ergs, Q ~ 10?2 ergs/s

¢ Rotating neutron stars:
Majority of Galactic Fermi-LAT sources, Q ~ 10*! ergs/s

* Stellar winds from hot O/B stars:
Strong winds from rad. pressure (10° Msun), Q~10*" ergs/s
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Cosmic-Rays’ “Life”

11 T2
SOURCE(s) >>
TO0 - Nucleosynthesis
- Stellar Atm. ACCELERATION - Interactions with
- Grains ISM and fields.
CrOSS Sec‘“ons - Productlon
- Escape
PROPAGATION ) Deca?;

- Reacceleration

Solar Modulation

Enters Solar System

Arrival at/near Earth

Geomagnetic Cutoff (& |
Earth's Atmosphere

Note: Not to scale.

Direct Measurements of Galactic Cosmic Rays



DM particles are stable. They can annihilate in pairs.

i

i

.

Decay Final states

flux '
as tr‘ I'EfEI‘El‘I ce Cross se Ctiﬂl‘l:

cosmo o =3-10"%%cm? /sec




DM annihilations

Resulting spectrum for positrons and antiprotons
Myimpe= 1 TeV

The flux
shape Is
completely
determined

by:
1) WIMP mass

2) Annihilations
channels

Positron fraction
Anti—prcton fraction

10 102

Energy in GeV Energy in GeV
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(AMANDA /

+ Vv IceCube,
ANTARES, km3)

+ P 7
AMS-02
PAMELA

(and Bess, HEAT,
+ d ~ etc.)




Galactic DM signals

Halo signals

Chargecl chtonic CR:et
Charged Bargonic CR: antiP,
antiD, antiHe

Photons
- Gamma-rags

- F'romPt Production

- IC from e* on ISRF and CMB
- X~-rays

- IC from et on ISRF and CMPB
- Radio

- Sgnchro frometon mag, field

105 Phen:

Neutrinos

| ocal signals

Direct detection
Neutrinos from Earth and Sun



First Detection in the Cosmic Rays

First detection of positrons in the
cosmic radiation in 1964 by J.A. De
shong, R.H. Hildebrand & P. Meyer
(Phys. Rev. Let. 12, 3, 1964)

First detection of antiprotons in the
cosmic radiations in 1979 by R.L.
Golden et al. Phys. Rev. Let. 43,
1264, 1964) and by E. Bogomolov et
al.




p/p Ratio

The first historical measurements on galactic

10
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10

antiprotons

T

o

expected ratio from
secondary production

® Golden 1979
O  Bogomolov 1979
B Buffington 1981
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kinematic treshold:
5.6 GeV f?r th? reaction
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The first historical measurements of the p/p - ratio and
various Ideas of theoretical Interpretations
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Balloon data : Positron fraction before 1990
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Antiparticle Experiments
(old and new)






HEAT 94-95

Subnuclear Physics
Techniques
in Space
Experiments

» Charge sign and
momentum

> Beta selection
> Z selection

> hadron — electron
discrimination
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Caprice

Subnuclear physics | Gas RICH
techniques
in space
experiments TOF
| L TRACKING
» Charge sign and ‘: ;
momentum N SYSTEM
> Beta selection | Ll " "|1
> Z selection | b= r TOF
» hadron — electron A | (NN
discrimination | IETEE _ _ ~(CALORIMETER
i | i
.|




Antiproton Positron

3961172 4920903

1 T

: z |

b A

Def —0.16 Sigdef 0.004 Rig —6.43 . Def 0.14 Sigdef 0.002 Rig 6.80
Nx 17 Ny 8 Chix 0.7 Chiy 0.5 . Nx 18 Ny 11 Chix 0.7 Chiy 2.4



BESS Detector

Rigidity measurement

SC Solenoid (L=1m, B=1T)
— Min. material (4.7g/cm?)

— Uniform field
— Large acceptance

Central tracker
Drift chambers (Jet/IDC)

d ~200 mm

Z, m measurement )

RB -->m=ZeR 14/8%1
g N —_

),

.3\
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BESS97/98 Apparatus

Aerogel

Pressure
Vessel

JET drift
chamber

T. Maeno et al., Astropart. Phys. 16 (2011) 121

1/

2.4
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Rigidity (GV/c)



AMS-01 : the detector

Particle Trajectory
Low Energy Particle Shiekls g
TOF ers
e e il sty TN
——— : 52
¢ Tracker T1
T . __f PlnesT2 || 4
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E o = r——— £ 3
1e E2 { {©B=0.15T b
- = et
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o Acceptance: Q » 0.15 m2sr
« Bending power » 0.14 Tm?
» TOF : trigger + 3 e dE/dXx meas.
* Tracker: sign Z + Rigidity + dE/dx meas.
» Cherenkov: separation e/p up to ~ 3 GeV.




Charge-dependent
solar modulation

Asaoka Y. Et al. 2002

CR antimatter

Status In 2006

Positrons
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What do we need?

Measurements at higher energies
Better knowledge of background
High statistic

Continuous monitoring of solar modulation

Long Duration Flights



BESS-Polar Program

Status of the BESS-Polar | Flight
Observation Time: 8.5 days
Float Time: 8.5 days (12/13/2004-12/21/2004)
Events recorded: > 0.9 x 10°

Data volume: ~ 2.1 terabytes
Data recovery: completed 2004
Payload recovery: completed 2004

Status of the BESS-Polar |l Flight
Observation Time: 24.5 days

Float Time: 29.5 days (12/23/2007-01/21/2008)
Events recorded: > 4.7 x 10°

Data volume: ~ 13.5 terabytes
Data recovery: completed Feb 3, 2008
Payload recovery: completed Jan 16, 2010

Makoto Sasaki, Antideuteron 2014, UCLA




BESS Flight Histor
. northern latitude BESS flights (1+ days) 1993-2002

. Antarctic BESS-Polar flights (8.5 & 24.5 days)
2004, 2007

2001:2002 2004, 2007
3ESS EEESS—P‘@IW

|
o
E 0

I

(ultra thin)

ﬁ?ﬁ;i Z B
nnws eV @fi: m

p0206CGeV P 0.2-14 GeY p02-42GeV p02-42GeV p 0242 p 0.14.2 GeV
6, 2 43 1512, 7886
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Fvolution of the BESS Instrument

1993 +1994 199

_ BESS‘97
" TOFdE/dx

e = i L i L i I A P 1 i i i " Broty
T q e 1 E a 4 3 T8 4 4 & A 1 2 3 4

Rigidity (Gv/e) Rigkdity (SV&) Righdity (G
300 psec 110 psec 70 psec
8 43 ~500/year
0.2 ~0.6 GeV 0.2 ~1.4 GeV 0.2~4.2GeV

First mass-ID New TOF Cherenkov




BESS-Polar Program

o

TOF Upper
Coil

JET/IDC
h 4
MTOF 4.5 glcm?

v
TOF Lower 10 g/cm?

Minimize material in spectrometer | Energy range extended
New detector (Middle TOF), down to 0.1 GeV
No pressure vessel

Makoto Sasaki, Antideuteron 2014, UCLA




Low Energy Antiproton Observed
in BESS 98 and in BESS Polar I1
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PAMELA
Payload for Antimatter /
Matter Exploration and

Light-nuclel Astrophysics




e P € p(He,..)

21.5 cm2sr

+«** TOF(S1)

Trigger, ToF, dE/dx

Anticoincidence reduces out of
acceptance background

ANTICOINCIDENCE __

ANTICOINCIDENCE
(CARD)

TOF (S2) ] (CAT)
S
™
—
l
SPECTROMETER - +
ANTICOINCIDENCE .
(CAS) Sign of charge,
rigidity, dE/dx
TOF (S3) i ——
CALORIMETER  Electron energy, dE/dx,
lepton-hadron
separation
0’ sS4

NEUTRON
DETECTOR




Design performance

Antiproton flux

Positron flux
Electron/positron flux

Electron flux
Proton flux

Light nuclei (up to Z=6)

Antinuclei search

Energy range Particles/3 years
80 MeV - 190 GeV 0(10%

50 MeV — 270 GeV 0(10°)

up to 2 TeV (from calorimeter)

up to 400 GeV 0(10°)

up to 700 GeV 0(10°)

up to 200 GeV/n He/Be/C: O(107*?)

Sensitivity of O(10'8) in He-bar/He

* Unprecedented statistics and new energy range for cosmic ray physics
* e.g. contemporary antiproton & positron energy, Emax = 50 GeV

» Simultaneous measurements of many species
 constrain secondary production models




Scientific goals

Search for dark matter signals

Search for antihelium (primordial antimatter)

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

Study solar physics and solar modulation
Study terrestrial magnetosphere


http://www.noaanews.noaa.gov/stories2005/images/sun-soho011905-1919z2.jpg
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The magnet

Characteristics:

* 5 modules of permanent magnet (Nd-B-Fe alloy) in
aluminum mechanics

e Cavity dimensions (162 x 132 x 445) cm3
- GF ~ 21.5 cm?sr

» Magnetic shields

» 5Smm-step field-map on ground:
— B=0.43T (average along axis),
— B=0.48 T (@center)

S 240 -
-~ 162 mm
S,
A

vs)
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W zey
W g7z
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The tracking system

Main tasks:

e Rigidity measurement
e  Sign of electric charge
e dE/dx (ionisation loss)

Characteristics:

e 6 planes double-sided (x&y view) microstrip
Si sensors

» 36864 channels
e  Dynamic range: 10 MIP

Performance:
e  Spatial resolution: ~3 pm (bending view)
e MDR ~1 TV/c (from test beam data)




The electromagnetic calorimeter

Main tasks:
e |epton/hadron discrimination
e e*energy measurement

Characteristics:
o 44 Si layers (x/ly) + 22 W planes
« 16.3X,/0.6A,

o 4224 channels
e Dynamic range: 1400 mip
e Self-trigger mode (> 300 GeV; GF~600 cm? sr)

Performance:

» pl/et selection efficiency ~ 90%

e prejection factor ~10°

e e rejection factor > 10*

* Energy resolution ~5% @ 200 GeV




The time-of-flight system

Main tasks:

- First-level trigger

 Albedo rejection

» dE/dx (ionisation losses)

» Time of flight particle identification

\ (<1GeV/c)

Characteristics:

31 « 3 double-layer scintillator paddles
* X/y segmentation

* Total: 48 channels

s21
S22 ¢ > 4

488 mm /\ 295 mm

Performance:
* o(paddle) ~ 110ps
* o(ToF) ~ 330ps (for MIPs)




The anticounter shields

Main tasks:

* Rejection of events with particles interacting
with the apparatus (off-line and second-level

trigger)

Characteristics:
* Plastic scintillator paddles, 8mm thick
o 4 upper (CARD), 1 top (CAT), 4 side (CAS)

Performance:
* MIP efficiency > 99.9%




Neutron detector

Main tasks:
« e/h discrimination at high energy

Characteristics:

36 3He counters:

3He(n,p)T - Ep=780 keV

1cm thick polyethylene + Cd moderators
n collected within 200 ps time-window

Main tasks:
* Neutron detector trigger

Characteristics:
* Plastic scintillator paddle, 1 cm thick

Shower-tail catcher




Satellite and space environment

» Large mechanical loads during launch phase
= random vibrations (all axis) 7.4 g rms, SRS (Shock Response
Spectrum) -all axis- up to 400 g
* Low mass budget
» Thermal variations (5 - 40 °C in normal operations)
» Low power budget (= small power consumption)
* Redundancy and safety (accurate design, no SPF)
» Protection against highly ionizing events (SEU and SEL)

* EMI/EMC issues

* Limited telemetry



PAMELA models

Mass/Thermal Model Technological Model (TM): Flight Model (EM):

(MDTM): = Preliminary acceptance tests = Beam tests;

= Full cycle of vibration/shock = Power on/off,telecommands = Integration in the satellite
= Thermal tests = Data transmission to VRL = Pre-flight tests

= Dimensional/transp. tests = EMI/EMC tests = Launch



Mechanical tests

The PAMELA MDTM during the vibration and shock tests at IABG mbH (Munich), August 2002



Thermal tests

=
o
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10 — FOWER remaors
— CALQ sewravs
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09042003 1070472003 110473003 20450003 13042003 140472003 1500402003
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Results of the PAMELA thermal qualification tests, April 2003. Temperatures in
different subsystems are shown during the execution of 6 different thermal modes.



Resurs-DK1 satellite

Command / Measurement

Vernier engine installation antenna

Solar battery

Coordinate / time
synchronization antenna

Accessories module

Pamela Research
Hardware
pressurized container

Research

Instrument module
hardware module

. , ¢
pressurized contame/ )

Instrument

Cooler

Star tracker

AN Optronic equipment

VRL (high rate datalink)

e Main task: multi-spectral
remote sensing of earth’s
surface

- Built by TsSKB Progress in
Samara, Russia

o Lifetime >3 years
(assisted)

e Data transmitted to ground
via high-speed radio downlink

« PAMELA mounted inside
a pressurized container

antenna
Command 7 Measurement Infrared local
antenna vertical reference Mass: 6.7 tonnes

Height: 7.4 m
Solar array area: 36 m?







2008, U300 UTC




Orbit characteristics

 Quasi-polar (70.0°)
e Elliptical (350 km - 600 km)

 PAMELA traverses the South Atlantic Anomaly
At the South Pole PAMELA crosses the outer (electron) Van Allen belt
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SAA morphology

nl
i

1

1

L[]
Iat el

1]

[]

o
-
o .
-
it B
+
- L
i
Lo Lo |

i

R

Latitude

40

Lol el el el el el el UL EYET FRUTI FRRTI ERRTI FRETL FRETI IR
lJﬁ 50 0 5 dfﬁ 150 g 28 8 8 8 2 =8

T Altitude

Latitude (deg)

Altitude

Longitude
i S I i

T T



Data acquisition details

Trigger configurations (selected by S1 counting rate):

— High-radiation environment
> (S21 AND S22) AND (S31 AND S32) + CALORIMETER

— Low-radiation environment
> (S11 OR S12) AND (S21 OR S22) AND (S31 OR S32) + CALORIMETER

NB:

— High voltage to PMTSs, etc. is not changed during passage
through SAA and radiation belts, or solar particle events.

488 mm

Average trigger rate ~25Hz
Fraction of live time ~ 73%

Event size (compressed mode) ~ 5kB
- 25 Hz x 5 kB/ev ~ 10 GB/day
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Antiprotons



Antiproton / positron identification

Time-of-flight: st
trigger, albedo

rejection, mass \
determination (up
to 1 GeV)

Bending in
spectrometer:
sign of charge

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

Interaction pattern in 3
calorimeter: d
electron-like or

proton-like, electron
energy - e

Antiproton Positron
(NB: e/p ~ 10?) (NB: p/e* ~1034)

ND
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Proton Background

® Spectrometer tracking information is
crucial for high-energy antiproton selection

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

* Also background from scattered protons

* Eliminate ‘spillover’ using strict track cuts
(X2, lever arm, no &-rays, etc)
* MDR > 10 x reconstructed rigidity

* Spillover limit for antiprotons expected to
be ~200 GeV.

1

Entries .

MDR > 850 GV, no EM shower

0F

Q,
T i

-
o

F Selected antiprotons

-0.1 -0.08 -0.06

Protons

-0.04 -0.02

deflection (GV™")

(50 GV)

0

Spillover protc
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PAMELA Antiparticle Results: Antiprotons

O. Adriani et al,

PRL 102 (2009) 051101;
PRL 105 (2010) 121101;
Phys. Rep. 544 (2014) 323.

Secondary production
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The Alpha Magnetic Spectrometer (AMS) on the
International Space Station
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AMS: A worldwide Collaboration
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AMS : A TeV precision, multipurpose spectrometer

Transition Radiation Detector
Identify electrons Particles are defined by their Time of Flight

charge (Z) and energy (E) or momentum (P)

Silicon Tracker

Electromagnetic Calorimeter
E of electrons

The Charge and Energy (momentum) =
are measured independently by many
detectors



\ / § Measurement with 1 of the 20 TRD Layers !
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Time Of Flight (TOF)

B
- Time of Flight and particle velocity (B)
!:h g:E Z=6 a=1.
Oy = 48PS

ool

Bar 0D oM M 1 ] 1 18 L

7]
kit R g i e 200

Fast trigger generation
Distinction upward/downward going particles
7



Silicon Tracker

With an effective sensitive area of
6.2 m2 the AMS Silicon Tracker is
the largest precision tracker ever

built for space application.

MDR is about a few TV
Alignment 3 pm, resolution 10 um
192 read-out units; 200,000 channels;




Ring Imaging CHerenkov (RICH)
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Lengitudinal profile

Electron ~ 900 GeV

Energy (LeV)

Hadron ~900 GeV

Layers

10
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18

X o< X< X< X< X §

50,000 fibers, ¢ =1mm,
distributed uniformly inside
1,200 |b of lead. Provide a
precision, 3-dimensional, 17X,
measurement of the directions
and energies of photons and
electrons up to 1 TeV.



Antiproton Identification

T B L L T T rrrr EVE“IE
Yy T et . Tt 10°
(a) Negative rigidity and positive rigidity
10° data samples in the (RICH — sign(R) x
. estimator A;rp) plane for the absolute
g 10° rigidity range 5.4-6.5 GV. The
o, ' contributions of p, p, e*, e7, *, and T~
102 are clearly seen. The antiproton signal is
well separated from the backgrounds.
10 (b) For negative rigidity events, the
distribution of data events in the (Agp —
1 charge confusion estimator Asc) plane for
2525 145 0 05 115 2 25 the absolute rigidity bin 175-211 GV.

(c) Fit with x2/d.f. = 138/154 of the
antiproton signal template (magenta), the
electron background template (blue), and
the charge confusion proton background
template

(green) to the data in (b).

M. Aguilar, Phys.Rev.Lett. 117 (2016) 091103




AMS-02 vs PAMELA & BESS
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B. Bertucci, CRIS 2015, Gallipoli, Italy



AMS-02 vs PAMELA & BESS
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Cosmic-Ray Antiprotons and DM limits

PAMELA and preliminary AMS-02 antiproton data constrains on various dark matter
models and astrophysical uncertainties.

,; PAMELA bounds - EINASTO profile - annihllating DM
0w
-3 E _
10 ' ‘ - Bounds from full PAMELA L
¢ PAMELA 2012 " energy spectrum 2l
5 AMS-02 2015 1024 24 spec
!—:_‘ 10_25_ MlN,-..l.-..
o m(ﬂ L -
& 3
e = 96|
S 10
W , 4
: = MED." . :
10-5§ ‘ —  Fiducial & R
¥ . . vV 10—2? L
© Uncertainty from: Cross-sections
Propagation I wax
I  Primary slopes 10°28L . o
Solar modulation £,
109 ' : : '
1 5 10 50 100 o9 7 . .
Kinetic energy T [GeV] 10774 10 100 1000
G. Giesen et al., JCAP 1509 (2015) 023, mpy [GeV]

arXiv: 1504:04276 Fornengo, Maccione, Vittino, JCAP

1404 (2014) 04, 003



Positrons




Proton / positron discrimination

Tracker
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] Calorimeter

ND

Proton

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

Bending in
spectrometer: sign
of charge

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

Interaction pattern in
calorimeter: electron-
like or proton-like,
electron energy
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planes

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

Number of events

Number of events
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PAMELA Results: Positrons
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LETTERS

An anomalous positron abundance in cosmic rays
with energies 1.5-100 GeV

0. Adriani'?, G. C. Barbarino™, G. A Bazilevskaya®, R. Bellotti®”, M. Boezio®, E. A. Bogomolov’, L. Bonechi'?,
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M. P. De Pascale'"", G. De Rosa®, N. De Simone'""", V. Di Felice'"", A M. Galper'’, L. Grishantseva'’,

P. Hofverberg', 5. V. Keldashov', 5. Y. Krutkov’, A. N. Kvashnin’, A. Leonov', V. Malvezzi'', L. Marcelli"',

W. Menn'?, V. V. Mikhailov", E. Mocchiutti®, 5. Orsi'™"", G. Osteria®, P. Papini’, M. Pearce'’, P. Picozza'"",

M. Ricci'”, S. B. Ricciarini®, M. Simon'®, R. Sparvoli''"*, P. Spillantini'~, Y. |. Stozhkov’, A. Vacchi®, E Vannuccini®,
G. Vasilyev”, 5. A. Voronov', ¥. T. Yurkin'!, G. Zampa®, N. Zampa® & V. G. Zverev"

Secondary production
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AMS: A TeV precision, multipurpose spectrometer

TRD Particles and nuclei are defined by their TOF
charge {Z] and energy (E - P}I ,

r:I L".

Silicnn Tracker

Z, P are measured independently by the &2
Tracker, RICH, TOF and ECAL




AMS Positron Selection
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AMS Positron Fraction
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2014: New Results on Positron Fraction

Observed flattening above = 200 GeV

0.3
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M. Aguilar, Phys.Rev.Lett. 113 (2014) 121101



Positron Flux Data with AMS
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A Challenging Puzzle for CR Physics

T E o e T ‘4 CRPositron spectrum
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Implications

A rising positron fraction requires:

1. An additional component of positrons with spectrum flatter than CR
primary electrons

2. A diffusion coefficient with a weird energy dependence
(BUT this should reflect in the CR spectrum as well)

3. Subtleties of Propagation

Courtesy by P. Blasi



A Challenging Puzzle for CR Physics
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P.Blasi, PRL 103 (2009) 051104 (see also Y. Fujita et al., PRD 80 (2009) 063003, M. Ahlers et al. PRD 80
(2009) 123017) Positrons (and electrons) produced as secondaries in the sources (e.g. SNR) where CRs are
accelerated.



A Challenging Puzzle for CR Physics
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P.Blasi, PRL 103 (2009) 051104 (see also Y. Fujita et al., PRD 80 (2009) 063003, M. Ahlers et al. PRD 80
(2009) 123017) Positrons (and electrons) produced as secondaries in the sources (e.g. SNR) where CRs are
accelerated.

But also other secondaries are produced: significant increase expected in the p/p and secondary nuclei
ratios.



A Challenging Puzzle for CR Physics
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P.Blasi, PRL 103 (2009) 051104 (see also Y. Fujita et al., PRD 80 (2009) 063003, M. Ahlers et al. PRD 80
(2009) 123017) Positrons (and electrons) produced as secondaries in the sources (e.g. SNR) where CRs are
accelerated.

But also other secondaries are produced: significant increase expected in the p/p and secondary nuclei
ratios.



Astrophysical Explanation:
Pulsars

Mechanism: the spinning B of the pulsar strips e-
that accelerated in the outer magnetosphere
emit g that produce e*. But fairs are trapped
in the cloud. After (4-5)x10* years pulsars
leave remanent and pairs are liberated (e.g. P.
Blasi & E. Amato, arXiv:1007.4745).

Young (T < 10°years) and nearby (< 1kpc)

CRAB NEBULA . If not: too much diffusion, low energy, too low
flux.

Geminga: 157 parsecs from Earth and 370,000
years old

BO656+14: 290 parsecs from Earth and 110,000
years old.

Not a new idea, e.g.: Harding & Ramaty, ICRC 2
(1987), Boulares, ApJ 342 (1989), Atoyan et
al. PRD 52 (1995)




Pulsar Explanation
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Dark Matter Explanation
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Galactic DM signals

Halo signals

Chargecl chtonic CR:et
Charged Bargonic CR: antiP,
antiD, antiHe

Photons
- Gamma-rags

- F'romPt Production

- IC from e* on ISRF and CMB
- X~-rays

- IC from et on ISRF and CMPB
- Radio

- Sgnchro frometon mag, field

105 Phen:

Neutrinos

| ocal signals

Direct detection
Neutrinos from Earth and Sun



Galactic DM signals

Halo signa[s

Chargecl chtonic CR:et

Charged Baryonic CR: antiP,
< antiD, antiHe >

Photons
- Gamma-rags

- F'romPt Production

- IC from et on ISRF and CMB
- X~-rays

- IC from e* on ISRF and CMB
- Radio

- Sgnchro from et on mag, feld

105 Phen:

Neutrinos

| ocal signals

Direct detection
Neutrinos from Earth and Sun



Detection Prospccts
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¢ DM searches in the antibarion channel are crucial:

e AntiProtons
— Are curr&ntlﬂ cnticering sfgniﬁcant bounds on Par'tide DM

~ Galactic transpmrﬁ has a Iarge impact on the DM reconstruction capabﬂities

~ With the eerc:ted increased AMS sensitivity, nuclear uncertainties in the bac:kgmuncl
calculation become a Iimiting factor

e AntiDeuterons

—~ At low kinetic f:nf:rgies I"ﬂPI’ESEﬂt the signa| with Pﬂtentianﬂ the Iarge:at S/B ratio:
" gotclen channel” for dfscoverﬂ

- Pra.ﬁpects-. for 5ign:a| detection both for GAPS and AMS (UP to about 10 events)

~ Galactic transport and nuclear uncertainties are imPortant, but antiD are a detection
channel in a Iarge fraction of the DM parameter space

N. Fornengo, Antideuteron 2014, UCLA



GAPS science summary

Antideuterons as DM signatures
- no astrophysical background at low energy
- complementary to direct/indirect searches and collider experiments
- search for: light DM, heavy DM, gravitino DM,
LZP in extra-dimensions theories, (evaporating PBH)
Antiprotons as DM and PBH signatures
- precision flux measurement at ultra-low energy (E < 0.25 GeV)
- complimentary to direct/indirect searches and collider experiments
-~ 10 times more statistics @ 0.2 GeV, compared to BESS/PAMELA
- search for: light DM, gravitino DM,

LZP in extra-dimensions theories,
evaporating PBH

Mission approved by NASA: expected to launch from Antarctica in 2020/2021

» 1 LDB flight (~35 days) -> precision antiproton flux measurement
~1500 antiprotons in GAPS E < 0.25 GeV, while 30 for BESS, 7 for PAMELA at E ~ 0.25 GeV

» 2 LDB flights (~70 days) -> improved antideuteron statistics
Antideuteron sensitivity: ~3.0 x 10¢ [m-2 s1 srl (GeV/n)1] at E < 0.25 GeV

» 3 LDB flights (~105 days) -> Antideuteron sensitivity: ~2.0 x 10 [m-2 s srt (GeV/n)1] at
E <0.25 GeV




Detection Prospects
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Figure 1: Three 35-day GAPS flights will probe an ar-
ray of representative DM models*’, which predict an-
tideuteron fluxes ¢(10% — 10%) above the astrophysical
background, and will be ~2.5 times more sensitive than
predicted AMS low-energy limits (Sec. 2.3). The arrow
shows the AMS geomagnetic cutoff correction size.



Antiproton flux [(m? s Sr GeV)|

Unique probes for DM in extra-dimensions
and evaporating PBHs

LZP

- Lightest Z, charged particle
- stable under Z; symmetry
- right-handed neutrino

—
=
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* BESS 9597 —— primary
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Aramaki et al., 2014
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Primordial Black Hole Evaporation

- density fluctuations, phase transitions,
collapse of cosmic strings in the early
universe

- R <0.02-0.05 pC' yr(y, Fermi, EGRET)

- R < 0. 0012 pc3yrl (p, BESS-Polar i onIy)

N

.....explosion‘rate:
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o
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¢ =600 MV
s Aramaki et al., 2014
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GAPS detects atomic X-rays and

annihilation products from exotic atoms
d |/ Plastic Scintillator TOF

"-N\

Atomic Transitions
/ Si(Li) Target/Detector Auger e

Refilling e-

——————

Exotic Atom — d\‘
D e 2 X-ray

: -
Atime of flight (TOF) system tags
candidate events and records velocity

The antiparticle slows down & stops in a

ial f : ited . Nuclear
target material, forming an excited exotic Annihilation
atom
Deexcitation X-rays provide signature
Annihilation products provide added X-ray yields were measured at KEK in

background suppression 2004 and 2005




GAPS instrument summary

TOF plastic scintillators
- outer TOF: 3.6m x 3.6m, 2m height
- inner TOF: 1.6m x 1.6m, 2m height
- 1m b/w outer and inner TOFs
- 500 ps timing resolution
- 16.5 cm wide plastic paddles

- PMT on each end
3.6m

Jiv’®
L

Science weight: ~1700 kg, 34H balloon

Si(Li) detectors
- 10 layers, 1.6m x 1.6m
- layer space: 20 cm
- Si(Li) wafer (~1500 wafers)
- 4 inch diameter
- 2.5mm thick wafer
- 12 x 12 rectangular
- segmented into 4 strips
—> 3D particle tracking
- timing resolution: ~ 100 ns
- energy resolution: 3 keV
- operation temperature: -35 C
- dual channel electronics
X-ray: 20 - 80 keV
charged particles: 0.1 - 100 MeV
Cooling system
- oscillating heat pipe (OHP)
- demonstrated in pGAPS
M. Hailey, Dark Matter 2014, UCLA



counts/exotic atom/keV
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Background rejection:

S | * stopping protons do not have enough

— i energy to produce pions and cannot

= - ' gy form exotic atoms (positive charge)

* deexcitation X-rays have characteristic
energies

* number of annihilation pions and
protons depends on mass of antiparticle
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Shimadzu detector

* GAPS will use 1350 4" Si(Li) detectors, 2.5mm
thick

* fabrication scheme developed at Columbia U.

* plan is to have detectors produced by private
company Shimadzu, Japan

* leakage current ~15nA at -30C

+ confirmed performance with cosmic rays (MIPs)
and Am-241 source (X-rays)

+ already achieved 4.4 keV FWHM at 59 keV
*  Si(Li) detector fabrication: NSS/MIC 2013 IEEE 1-3, (2013)

Guard ring ‘s
preamp Y i _ Am-24159 keV source
8 A o ko e < 38K

ﬂ.ﬁf—
°s FWHM: 4.4 keV
0.4
u.zf— \
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Energy [KeV]
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INFN Contribution

e Design, development and production of the ASIC for the
read-out of the Si(LI) detectors



INFN Contribution

Objective: read out 2.5 mm thick, 1” diameter Si(Li)
detectors [Cp = 75 pF, | .o = O(1 nA)]
Requirements:
* dynamic range of 50 MeV, minimum signal =20
keV
* energy resolution of 4 keV FWHM at the lower end

(goal of 3 keV FWHM)
* interface to already available discrete preamplifier

Available design choices and optimization opportunities:

e Selection of the CMOS technology (at present all electronics is discrete)
» |nvestigate the possibility to integrate the preamplifier
e ASIC architecture (shaper, peak detector vs S/H, multiplexing, internal digitization?)



INFN Contribution

e Design, development and production of the ASIC for the
read-out of the Si(LI) detectors

e Design and development of the HV Power Supply
System for the Si(Li) detectors.



Successful prototype (pGAPS) flight in 2012
@ Taiki, JAXA balloon facility in Japan

v' First balloon experiment with Si(Li)
detectors

L v TOF performance test and measure cosmic-
ray proton count rate

v' Demonstrate cooling system

e

- 6 commercial Si(Li) detectors
- 3 TOF layers, 50cm x 50cm, ~ 50cm separation

M. Hailey, Dark Matter
2014, UCLA

Commercial SEMIKON Si(Li)
4 inch diameter, 2.5mm thick

Vessel for Si(Li) detector
DAQ surrounded by TOF



p/p Ratio

Conclusions

The first historical measurements on galactic

antiprotons
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p/p

Conclusions
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Thanks!
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