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Introduction 
CR direct measurements: 

 à  the experimental challenges 

Indirect DM searches: 
à latest results and perspectives 
 



The	  cosmic	  ray	  flux	  
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Solar wind particles 

Solar energetic particles 

Cosmic Rays 

Energy 
KeV MeV GeV TeV PeV EeV 

Direct CR measurements : 
 
ü Particle identification 
ü Energy measurement 
ü Charge sign (anti-particles) 
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Solar wind particles 

Solar energetic particles 

Cosmic Rays 

Energy 
KeV MeV GeV TeV PeV EeV 

Direct CR measurements : 
 
ü Particle identification 
ü Energy measurement 
ü Charge sign (anti-particles) 
 

ΔN/ΔE = Φ(E) × ΔT × A(E) 

1ST	  CHALLENGE:	  acceptance	  &	  Jme	  

The	  cosmic	  ray	  flux	  



Different	  channels	  to	  explore	  for	  different	  (and	  complementary)	  
objecJves	  :	  from	  CR	  origin	  in	  the	  galaxy	  to	  new	  exoJc	  sources….	  
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Chemical composition energy 
spectra of primary  (and secondary)  

The e± component 

Anti-particles: e.g. the e+/e++e- fraction 



Sun 

χ

χ

p, p,e−,e+,γ

p, p,e−,e+,γ

AnnihilaJon	  
Sc
a:

er
in
g	  

ProducJon	  

γχχ ,,,, +−→+ eepp

pp +←+ χχ

The quest for Dark Matter  

χ	


χ	


e-, p,γ	


e+,!p, γ	


TIPP17	   B.Bertucci	  -‐	  Direct	  CR	  measurements	  &	  Dark	  Ma:er	  Searches	   6	  



Sun 

χ

χ

p, p,e−,e+,γ

p, p,e−,e+,γ

AnnihilaJon	  
Sc
a:

er
in
g	  

ProducJon	  

γχχ ,,,, +−→+ eepp

pp +←+ χχ

The quest for Dark Matter  

TIPP17	   B.Bertucci	  -‐	  Direct	  CR	  measurements	  &	  Dark	  Ma:er	  Searches	   7	  

e-/p ≈ O(10-2) 
e+/p ≈ O(10-3) 
p/p ≈ O(10-4) 

Positrons: χ + χ → e+ + … 

mχ=800 GeV 

	  Collision	  of	  Cosmic	  Rays	  

I.	  Cholis	  et	  al.,	  arXiv:0810.5344	  	  

mχ=400 GeV 
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The Astrophysical Background: 
 
Origin, propagation and production of CRs and their 
secondaries in the galaxy  
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π±  à µ± à e±!

p+pà p+p… 

The Astrophysical Background: 
 
Origin, propagation and production of CRs and their 
secondaries in the galaxy  
+ heliospheric / magnetospheric effects…  
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Hunt  rare signals and provide accurate flux measurements of the  CR 
components to constraint astrophysical models 
 

1) DESIGN : state of the art detectors providing redundant particle 
measurements 
2) TEST: test and calibration on ground  
3) OPERATION in Space: monitoring and calibration 
4) DATA ANALYSIS: unknown luminosity of the cosmic collider ! 
   

The experimental challenge 
Fl

ux
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Part	  1:	  
Direct	  CR	  measurements	  :	  	  

(some	  of)	  the	  experimental	  challenges	  
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Requirement:	  	  
No	  atmosphere	  

-‐	  Stratospheric	  Balloons	  
-‐	  Space	  



Stratospheric	  Balloons:	  
	  from	  few	  hrs	  to	  months	  
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Kiruna 
Lynn Lake 

Palestine 
Fort Summer Sanriku 

McMurdo 

Syowa 

Kamtchatka 
IMAX92,BESS-TEV,BESS93-94-95-97-98-99-00, 
AESOP94-97-98-00-02-,CAPRICE94,HEAT95, RICH97, 
ISOMAX98.. 

TRACER 2006 RUNJOB 

BETS97-98 MASS91, SMILI-I, TS93,CAPRICE98, 
HEAT94,HEATPBAR.. 

BETS2004 

JACEE,BESS-PolarI/II, ATIC201-02-03, 
TRACER2003,CREAM-
I,CREAMII,TIGER,SUPER-TIGER 

JACEE,.. 

… 
BESS/POLAR/TEV (9 Flights)  
WIZARD (6,Flights) 
HEAT/PBAR (4,Flights) 

RUNJOB (62 day, 10 Flights) 
TRACER (18 days, 3 Flights) 
CREAM (161 days,6 Flights) 
ATIC (53 days, 3 Flights) 
TIGER/S-TIGER (2/55 days) 

Calorimetry, TRD +.. Magnetic Spectrometers 



Space:	  	  

13 

IMP series < GeV/n 
ACE-CRIS/SIS  Ekin < GeV/n 
VOYAGER-HET/CRS < 100 MeV/n 
ULYSSES-HET (nuclei)  < 100 MeV/n 
ULYSSES-KET  (electrons) < 10 GeV 
CRRES/ONR < (nuclei) 600 MeV/n 
HEAO3-C2 (nuclei) < 40 GeV/n 

Long missions (years) 
Small payloads 
Low energies.. 

CRRES VOYAGER 

ULYSSES 

HEAO ACE 
IMPJ 

Long missions 
Large payloads 

Short missions (days)/ Larger payloads 
 
 
 
 
 
 
 
 
 
 

CRN on Challenger  
(3.5 days 1985) 

AMS-01 on Discovery 
(8 days, 1998) 

PAMELA AMS-02 

Fermi-LAT 

DAMPE  CALET 
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Magnetic spectrometers 
No B field, different techniques with main focus on e,γ	

No B field, different techniques with main focus on Z	
 Balloon 
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Space (planned)  

Acceptance (m2 sr) 

The	  experimental	  program	  



The	  experimental	  challenge	  
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No	  atmosphere:	  

.	  	  

Stratospheric	  Balloons	  
Space	  

Limits	  on	  size	  /	  weight	  /	  Jme	  

Detector	  design	  focused	  on	  specific	  measurements	  

p,He,e-‐,anJ-‐parJcles	   Primary	  spectra,	  Nuclei,	  e±	  	  

MagneJc	  spectrometers	  
Energy	  reach	  on	  anJ-‐parJcles	  limited	  by	  	  
Maximum	  Detectable	  Rigidity	  

Calorimeters	  
Energy	  reach	  limited	  by	  staJsJcs	  
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Calorimetric CR detectors 
Now on orbit: 
 

à Fermi (2007): γ-rays, electrons(e±) 
à CALET (2015) : electrons(e±), nuclei 
à DAMPE (2015): electrons (e±), light nuclei, γ-rays 
  

Ready to launch: 
à ISS-CREAM (2017 !!) : nuclei  

Magnetic spectrometers 
àPAMELA (2006-2016) : anti-particles, e-, p, He, light nuclei 
 
Now on orbit:  
à AMS-02 (2011): anti-particles,e- p, He ...nuclei (up to Fe..) 



The	  experimental	  challenge	  
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No	  atmosphere:	  

.	  	  

Stratospheric	  Balloons	  
Space	  

Limits	  on	  size	  /	  weight	  /	  Jme	  

Detector	  design	  focused	  on	  specific	  measurements	  

p,He,e-‐,anJ-‐parJcles	   Primary	  spectra,	  Nuclei,	  e±	  	  

MagneJc	  spectrometers	  
Energy	  reach	  on	  anJ-‐parJcles	  limited	  by	  	  
Maximum	  Detectable	  Rigidity	  

Calorimeters	  
Energy	  reach	  limited	  by	  staJsJcs	  

à HEP detectors adapted to space !   
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Technology Readiness Level 

Well established 
technology on 

ground 

Exported to  
space 
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Mechanical	  stress	  at	  launch:	  
§ Sta%c	  accelera%on	  
§ Random	  vibra%on	  
§ Sinusoidal	  vibra%on	  
§ Pyroshock	  

Life	  in	  space:	  
§ Thermal	  stresses	  due	  to	  Sun-‐light	  

(seasonal	  /	  day-‐night	  effects)	  
§ Vacuum	  

	  

Careful	  Design,	  Model	  validaJon	  and	  
QualificaJon	  are	  needed	  to	  ensure	  

highest	  possible	  reliability	  

 
 
 

HEP detectors in Space 
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 As a space payload:  
qualification tests  before and after assembly 

Thermal 
Stress 

Functional 
check 

Mechanical 
Stress  

Thermal 
cycles in 
Vacuum 

Functional 
check 

	  Full	  space	  qualificaJon	  sequence	  before	  launch:	  
  	  OperaJonal	  tests	  aier	  stress	  
  	  VerificaJon	  of	  dynamical	  behaviour	  
  	  VerificaJon	  of	  thermal	  model	  	  

Functional 
check 

EMC 

x 2 
Qualification Model  

& Flight Model 



e.g.	  AMS	  &	  silicon	  microstrip	  detectors	  in	  space	  	  
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Tracking with silicon microstrip detectors : 
heritage of LEP experiments (L3) : 
Main advantages:  
à Excellent spatial resolution  
à Absolute charge measurement from multiple dE/dX 
à Light weight / minimum material along track 

trajectory 
à No HV 



e.g.	  AMS	  &	  silicon	  microstrip	  detectors	  in	  space	  	  

•  Proposal	  in	  1994	  
•  Agreement	  with	  NASA	  1995	  :	  
	  
AMS-‐01	  :	  to	  prove	  technical	  design	  
AMS-‐02:	  for	  physics…	  
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Open questions in 1995: 
à Never operated in space  
à 300 µm thick detectors will survive the stress of the launch? 
à Assembly precision should match the resolution: do we 

really know their position ? Alignment after launch? 
à Many readout channels: electronics? 

 

Answer:  



AMS-‐01:	  	  
First	  space	  borne	  spectrometer	  with	  a	  silicon	  tracker	  
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Time Of Flight :  measure time à velocity, arrival direction, dE/dX à Z 
Magnet: 2.2 Ton of Nd-Fe-B blocks providing a 15kGauss field inside, < 2 Gauss outside  
Tracker: 2m2 of silicon sensors arranged in 6 planes  
Aerogel Cerenkov threshold counter: discrimination of e/p based on cerenkov emission  
 



The	  Magnet	  before	  going	  to	  space.....	  
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Before	  going	  to	  space.....	  
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AMS-‐01	  Silicon	  Tracker	  
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Lightweight carbon fiber 
shell to hold the planes 

ü  Aluminum honeycomb + carbon fiber 
reinforcement layers 

ü  Front end electronics disposed vertically 
on the edge of the plane to save 
acceptance 

ü  Thermal bars to dissipate the power 
     on the magnet mass outside 



Alpha	  	  MagneJc	  Spectrometer	  on	  STS-‐91	  
	  	  AMS-‐01	  (1998)	  

First	  silicon	  tracker	  in	  space	  	  
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2006: PAMELA  

28 

GF: 21.5 cm2 sr                
Mass: 470 kg 
Size: 130x70x70 cm3 

Power Budget: 360W  

Spectrometer  
microstrip silicon tracking system   +   permanent magnet 
It provides:  

- Magnetic rigidity  à  R = pc/Ze  MDR≈1(0.25) TV 
-  Charge sign 
-  Charge value from dE/dx 

Time-Of-Flight 
plastic scintillators + PMT: 
-  Trigger 
-  Albedo rejection; 
-  Mass identification up to 1 GeV; 
- Charge identification from dE/dX. 
 
 
Electromagnetic calorimeter 
W/Si sampling (16.3 X0, 0.6 λI)  
-  Discrimination e+ / p,  anti-p / e-  
 (shower topology) 
-  Direct E measurement for e- 

 
Neutron detector 
36 He3 counters : 
-  High-energy e/h discrimination 
 

+           - 

Silicon	  detectors	  with	  
electronics:	  6	  layers	  in	  a	  
cavity	  13x16	  cm2	  



All particle results 
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PAMELA Results

à  Antiparticles 
à Galactic CR 
à  Solar Physics 
à  Particles in Earth’s magnetosphere 



AGILE	  2007	  (x,γ)	  
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40 cm  

40 cm  



FERMI	  2008	  :	  73	  m2	  of	  silicon	  sensors	  
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1.8 m 
1.8 m 

0.72 m 



2011 AMS-02: 9 planes (6.4 m2) 
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2015	  :	  DAMPE	  
7.7	  m2	  of	  silicon	  sensors	  
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A closer look to AMS-02 
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Transition Radiation Detector (TRD)  
Identify e+, e- 

Silicon Tracker 
 Z, P 

Electromagnetic Calorimeter 
(ECAL)  

E of e+, e-, γ 

Ring Imaging Cherenkov  
(RICH)  
 Z, E 

Time of Flight  
(TOF) 
 Z, E 

	  	  
ParJcles	  and	  nuclei	  are	  defined	  by	  their	  	  

charge	  (Z)	  and	  energy (E) 

 Z, E, R, β  
are measured independently by the  Tracker, 

RICH, TOF and ECAL for the same CR 

AMS-02: A TeV precision, multipurpose spectrometer 

 Magnet (0.15 T) 
±Z 

35 
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 As any HEP experiment: beam test calibration @ CERN 

AMS 
27 km 

7 km 

19 January 2010 Z X 

θ 

Φ 

p, e+, e-, π   20…400 GeV 
2000 positions 

36 
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 As a space payload:  
qualification tests  before and after assembly 





AMS on ISS 
May 19, 2011 

Launch of AMS 
May 16, 2011 
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May 9, 2017 

Operation in Orbit 



Operation in Orbit 

Starlight 

WSGT 

NASA Internet 

MSFC 

41 

CERN GRID 
Internet 

CERN GRID Internet 

24/7	  	  
365/365	  
POCC	  @	  CERN	  since	  June	  2011	  
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Long term operation in space: 
fighting against the environment ! 

SUN 

Thermal variables: 
SUN 

SUN 



Temperature	  &	  Tracker	  displacements	  
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Tracker	  alignment	  
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1 

5 
6 

3 
4 

7 
8 

9 

2 

19/02/16 

9 layers of double sided silicon microstrip detectors to reconstruct the particle trajectory with 
10 µ resolution in the bending plane 
à  20 –UV Lasers to monitor inner tracker alignment 
à  Cosmic rays to monitor outer tracker  alignment 

Layer 1 

Layer 9 
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600 GeV electron

pe–

TRD

TOF

TRK

ECAL

20x 20x

4x4x

9x9x

● e/p separation
● |Z| (dE/dX)

● Trigger
● Velocity
● Flight Direction

● Momentum
● |Z| (dE/dX)
● Charge sign

● e/p separation
● Energy
● Trigger

e+# p# p# He#He#e&#
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TRK
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18

layers
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charge (|Z|) 

trigger 
velocity (β) 
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velocity (β) 
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e± energy 
e/h separation 
γ trigger 
 

Full coverage of anti-matter & CR physics 

600 GeV electron!



Part	  2:	  
Indirects	  Dark	  Ma:er	  searches:	  
latest	  results	  and	  perspecJves	  
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ü  Measurements of e+,e-,e± 

ü  anti-protons 



The electron/positron puzzle 
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2008:	  e±	  eccess	  in	  ATIC	  data	  	   2009:	  No	  excess	  in	  Fermi	  e±	  
2011:	  No	  excess	  in	  e-‐	  from	  PAMELA	  	  

2011:	  Confirmed	  by	  Fermi	  	  

2011 
2008:	  e+	  excess	  in	  PAMELA	  data	  	  



Positron	  fracJon	  with	  2.5	  years	  of	  AMS	  data	  
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10.9 million e+ and e- events 



Positron	  fracJon	  with	  2.5	  years	  of	  AMS	  data	  
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ü  No sharp structures 
ü  Steady increase of the positron content up to ≈ 275 GeV 
ü  Well described by an empirical model with a common source term for e+/e-  



Electron/Positron fluxes with 2.5 years of AMS data:  

For the first time a detailed study of the 
spectral index variation with energy :  

Hardening of the positron spectrum is at the origin of the 
positron fraction increase… 



AMS-‐02	  Positrons/electrons	  :	  
	  status	  report*	  with	  5	  years	  of	  data	  
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Physics	Result	1:	The	Electron	and	Positron	fluxes
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The	electron	flux	and	the	positron	flux	are	different	
in	their	magnitude	and	energy	dependence

AMS	(2016)

10

60 months!
~ 17.5 million e-/e+ events!

*	  Not	  to	  be	  quoted	  before	  publicaJon!	  
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AMS-‐02	  positron	  fracJon:	  
	  status	  report*	  with	  5	  years	  of	  data	  

*	  Not	  to	  be	  quoted	  before	  publicaJon!	  



Electron +  Positron flux with 2.5 years of AMS data:  
Charge	  insensiJve	  measurement	  à	  
	  higher	  energy,	  directly	  comparable	  with	  previous	  experiments	  

ü  No	  sharp	  structures	  
ü  A	  single	  power	  low	  describes	  the	  spectrum	  aier	  30	  GeV	  
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Electron	  +	  	  Positron	  flux:	  Fermi	  2017	  	  

New	  measurement:	  	  
à agreement	  with	  AMS	  up	  to	  ≈	  100	  GeV	  
à different	  (smooth)	  spectrum	  above	  
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What	  is	  AMS	  observing?	  	  



What	  is	  AMS	  observing?	  	  
 Something “different” with respect “conventional” models of e+ 
production by collisions of CR hadrons with the interstellar matter 

AMS 
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What	  is	  AMS	  observing?	  	  
 Something “different” with respect “conventional” models of e+ 
production by collisions of CR hadrons with the interstellar matter: 
 
Astrophysical Sources:  
 
-  Local sources as pulsars (slow fall at high energies, anisotropy..) 
-  Interactions of CR hadrons in old SNR (but this should affect also other 

secondary species as anti-protons, B/C)  
-  purely secondary production in non-conventional models 
 
Dark matter: 
 
 -  The mass of the DM particle could give a sharp cutoff with energy 
 -  Isotropic distribution 
 -  Effects also on anti-p  
 
 

AMS 
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Secondary production: 

Cowsik	  (2014)	  

2.3 million boron nuclei and 
8.3 million carbon nuclei 



We	  have	  to	  wait….	  
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ü  Increase statistics & energy range  
ü Better understanding of astrophysical background from other 

measurements (nuclei) 
ü Study other anti-particle channels…. 



AnJ-‐proton/proton	  in	  the	  past	  millennium..	  	  
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the early times (1984)  ...around 2000 

HEAT ≈ 70 events  
CAPRICE ≈ 31 events 



AnJ-‐proton/proton	  :	  2010	  	  
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Kinetic Energy  (GeV) 

BESS-‐POLAR	  (2004)	  ≈	  1520	  events	  <	  4.2	  GeV	  
PAMELA	  (2006-‐2009)	  ≈	  1500	  events	  	  



AMS results on the p/p flux ratio  
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3.49 x 105 
antiprotons 

2.42 x 109 
protons 
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The	  pbar/p	  raJo	  fla:ens	  above	  60	  GeV..	  
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What	  is	  AMS	  observing?	  	  
The accuracy of the AMS measurement challenges current knowledge of  cosmic 
background ! 
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AMS	  

Primary Cosmic Rays (p, He, C, O, …) 

C,	  O,	  …,	  Fe	  +	  ISM	  à	  Li,	  Be,	  B	  +	  X	  

AMS	  

Secondary	  Cosmic	  Rays	  (Li,	  Be,	  B,	  …)	  

ISM	  

A comprehensive set of measurements is needed  
to constrain astrophysical background: 
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H	  
He	  

Li	  
Be	  B	  

C	  
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Cl	   Ar	   K	  Ca	  Sc	   V	   Cr	  

P	   S	  
Fe	  

Ni	  
Ti	  

Fe	  

Ni	  

Zn	  

 
Cosmic ray composition with AMS 
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Conclusions	  &	  PerspecJves	  
ü  Stratospheric balloon program is still relevant for specific measurements 

(GAPS for anti-d ....) 
 
ü  Space is giving an important contribution to direct CR measurements… 

ü  PAMELA did a great job… 
ü  AMS-02 has just started to release impressive results..and more will 

come in the next future 
ü  CALET and DAMPE just launched… 
ü  ISS-CREAM is close to launch (      ) 
 

ü  But we need more…. 



China’s	  Space	  StaJon	  Program 
Ph

as
e 

-I  

2003 

2011 10 astronauts in 5 flights à space walk 

Ph
as

e 
-II
 2018 

Space lab: 
no living cabin 

Ph
as

e 
-II
 2022 Space Station 

3 large modules 
+ 2 m telescope 
~10-year lifetime HERD 

HERD 

POLAR 



HERD:	  High	  Energy	  Cosmic	  Ray	  Detector	  	  
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Working mode 
–  Normal trigger mode 

•  PMT trigger (Edep>30 GeV) 
•  PMT trigger (Edep >0.5GeV) + PSD 

veto 
–  Calibration mode 

•  PMT trigger (1.2 GeV>Edep>0.6 GeV) 

STK(SSD+W),five 
sides 
Charge 
Trajectory 
Gamma tracking 

PSD, five 
sides 
low energy 
Gamma Id 
Charge 

3D CALO 
e/γ/CR energy 
e/p 
discrimination 

1.6 m 

1.2 m 



Exposure	  	  (assuming	  GF=2.5m2sr)	  

DAMPE 

CALET 

CREAM 

HERD 

( depending on launch time ) 



Expected	  HERD	  Spectra	  for	  electrons 



Conclusions	  &	  PerspecJves	  
ü  Stratospheric balloon program is still relevant for specific measurements 

(GAPS for anti-d ....) 
 
ü  Space is giving an important contribution to direct CR measurements… 

ü  PAMELA did a great job… 
ü  AMS-02 has just started to release impressive results..and more will 

come in the next future 
ü  CALET and DAMPE just launched… 
ü  ISS-CREAM is close to launch (      ) 
 

ü  in 10 years a large acceptance space based calorimetric experiment 
insuring good overlap with ground based (indirect) measurements 

 
For a real advance in DM searches: Anti-matters matters  
 A long term plan (with R&D development) is needed for a new 
antimatter large acceptance detector in orbit .. 
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Thanks for your attention  
& 

Greetings from Perugia ! 


