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Cosm
ic Rays

Known by am
ericans in 50s and 

used to grant superpowers to 
superheroes 

3


During 70s, cosm
ic rays were 

used by Japan as one of the 
weapons to defend our planet 

from
 Vegans

Cosm
ic rays are charged and neutral 

particles that reach Earth planet from
 

outer space
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Cosm
ic Raysp (~90%

)

e
- (~1%

)

He (~8%
)

Be, C, Fe
 

(~1%
)

e
+,p

• 
Cosm

ic ray Flux: Intensity of CR in space per 
unit of area, solid angle, tim

e and energy

• 
Energy range up to 10

20 eV
• 

Intensities spanning 30 orders of m
agnitude

• 
M

ost of cosm
ic rays are protons and nuclei
4


Cosm
ic ray flux at Earth !

PO
W

ER LAW
 SPECTRUM

+

“KNEE”!

“ANKLE”!

1 particle per m
2 per second+

1 particle per m
2 per year+

1 particle per km
2 per year+



C
osm

ic ray detection in space

Valerio Vagelli


Discovery of Cosm
ic Rays

5


• 
V. Hess balloon flight in 1912 !

 evidence of increase of ionization in atm
osphere

Hess balloon flight 1912!

Hess (1912)!
Kolhöster (1913/14)!

• 
1931: Rossi !

 East-W
est effect: m

ost of cosm
ic rays have positive charge

• 
1934: Hess !

 Detection of extensive air showers
• 

…
…

• 
2013: NASA !

 Radiation Risk from
 Cosm

ic Rays m
ay prevent a possible 

m
an m

ission to M
ars
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Cosm
ic Rays and Particle Physics

6


Discovery of positrons (Anderson)!

6m
m

 lead plate!

B
!

• 
Cosm

ic rays used as m
ain source of high energy probes (beam

-target 
interactions) until 50s

• 
After 2000, rediscovery of cosm

ic rays as probe for astrophysics and particle 
physics m

easurem
ents

Cloud Cham
ber!
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Cosm
ic Ray Physics

7


• 
ASTRO

PHYSICS
• 

O
rigin of cosm

ic rays
• 

Acceleration of charged particles up to PeV energies (“Pevatrons”)
• 

Peculiar sources (pulsars, quasars, black holes, …
.)

• 
Star and solar system

 evolution
• 

Solar physics
• 

…
…

• 
PARTICLE PHYSICS & CO

SM
O

LO
G

Y
• 

Hadronic interactions and X-sections (above LHC energies)
• 

M
atter/Antim

atter asim
m

etry
• 

Dark M
atter searches

• 
…

…

CM
S experim

ent @
 LHC

!
Supernova SN 1006 !

CO
SM

IC RAYS
Intim

ate connection
between very sm

all 
and very high 

distances!
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Cosm
ic Rays and Particle Physics

8


Energy (G
eV)

2−
10

1
2

10
4

10
6

10
8

10
10

10
12

10

 )-1 sr s]2 ( GeV [mΦ  × 2E

7−
10

4−
10

1−
10

2
10

5
10

h2pro am
s

antip am
s (ratio*pro)

diffuse gam
m

as (sim
)

electron am
s

positron am
s

pro atic
uhecr tibet
uhecr kaskade grande
uhecr auger

S
pace exp!B

alloon exp!

G
round exp!

Protons!Electrons!
Positrons!

Antiprotons!
Photons (diffuse)!

AM
S!

ATIC
!

All Particles!
TIBET!

KASKAD
E G

RAN
D

E!

AU
G

ER
!

AM
S
!AM

S
!

AM
S
!

•  O
rigin of very high energy CRs still 

not clear
•  M

any discussions about the origin 
of the “knee” and of the “ankle”
•  Chem

ical com
position above 1 

TeV unknown
•  Clear evidence of PeVatrons in the 
Universe
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Cosm
ic Rays and Particle Physics
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Energy (G
eV)

2−
10

1
2

10
4

10
6

10
8

10
10

10
12

10

 )-1 sr s]2 ( GeV [mΦ  × 2E

7−
10

4−
10

1−
10

2
10

5
10

h2pro am
s

antip am
s (ratio*pro)

diffuse gam
m

as (sim
)

electron am
s

positron am
s

pro atic
uhecr tibet
uhecr kaskade grande
uhecr auger

S
pace exp!B

alloon exp!

G
round exp!

Protons!Electrons!
Positrons!

Antiprotons!
Photons (diffuse)!

AM
S!

ATIC
!

All Particles!
TIBET!

KASKAD
E G

RAN
D

E!

AU
G

ER
!

AM
S
!AM

S
!

AM
S
!

•  O
rigin of very high energy CRs still 

not clear
•  M

any discussions about the origin 
of the “knee” and of the “ankle”
•  Chem

ical com
position above 1 

TeV unknown
•  Clear evidence of PeVatrons in the 
Universe

SO
LAR 

M
O

DULATIO
N

G
ALACTIC
O

RIG
IN

EXTRAG
ALACTIC 

O
RIG

IN (?)
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Physics topic exam
ple: Dark M

atter

10


G
alaxy rotation curves

(m
ore grav. m

atter than what is 
observed electrom

agnetically)

The “bullet” cluster
(m

atter that interacts only 
gravitationally)

grav. interaction only (via lensing)


e.m
. w

ith gas (via X-rays)


Universe structure 
form

ation
(requires Dark M

atter and Dark 
Energy to represent observations)

5
0

0
μ

K
C

M
B

  -5
0

0

Anisotropies of the residual 
m

icrowave background
(requires Dark M

atter and Dark Energy 
to represent observations)



C
osm

ic ray detection in space

Valerio Vagelli


Physics topic exam
ple: Dark M

atter
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G
alaxy rotation curves

(m
ore grav. m

atter than what is 
observed electrom

agnetically)

The “bullet” cluster
(m

atter that interacts only 
gravitationally)

grav. interaction only (via lensing)


e.m
. w

ith gas (via X-rays)


Universe structure 
form

ation
(requires Dark M

atter and Dark 
Energy to represent observations)

5
0

0
μ

K
C

M
B

  -5
0

0

Anisotropies of the residual 
m

icrowave background
(requires Dark M

atter and Dark Energy 
to represent observations)

Dark Matter Exists! 
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The quest for Dark M
atter

χ χ

p,p,e
−,e

+,γ

p,p,e
−,e

+,γ

Annihilation!

Scattering!

Production!

γ
χ

χ
,

,
,

,
+

−
→

+
e

e
p

p

p
p
+

←
+
χ

χ

12


LHC + future colliders

Cosm
ic Ray Experim

ents
(Pam

ela, AM
S-02, DAM

PE, G
aps,…

.)

Underground
nuclear recoil
experim

ents
(DAM

A, CRESST,
Edelweiss, LUX, …

)
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The quest for Dark M
atter

χ χ

p,p,e
−,e

+,γ

p,p,e
−,e

+,γ

Annihilation!

Scattering!

Production!

γ
χ

χ
,

,
,

,
+

−
→

+
e

e
p

p

p
p
+

←
+
χ

χ

13
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SN
R!

SN
R!

SN
R!

SN
R!

!
!

The “Standard M
odel” of Cosm

ic Rays
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SN
R!

SN
R!

SN
R!

SN
R!

!
!

π
+µ

!

The “Standard M
odel” of Cosm

ic Rays
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SN
R!

SN
R!

SN
R!

SN
R!

!
!

!

χ

χ

γ
γ χ χ

p,p,e
−,e

+,γ

p,p,e
−,e

+,γ

Annihilation!

Scattering !

Production!

γ
χ

χ
,

,
,

,
+

−
→

+
e

e
p

p

p
p
+

←
+
χ

χ

The “Standard M
odel” of Cosm

ic Rays

π
+µ
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The quest for Dark M
atter

17


The m
ost sensitive channels to indirect DM

 searches are the the rare com
ponents 

in cosm
ic rays, for which the 
signal / noise

DM
 origin / astrophysical origin

is m
ore convenient

Positron fraction

Energy (G
eV)

e+ / (e++e-)

Collision of 
cosm

ic rays

χ χ

p,p,e
−,e

+,γ

p,p,e
−,e

+,γ

Annihilation!

Scattering!

Production!

γ
χ

χ
,

,
,

,
+

−
→

+
e

e
p

p

p
p
+

←
+
χ

χ

Increase in the positron fraction 
possible hint of DM

 annihilation



C
osm

ic ray detection in space

Valerio Vagelli


The quest for Dark M
atter

18


The m
ost sensitive channels to indirect DM

 searches are the the rare com
ponents in 

cosm
ic rays, for which the 
signal / noise

DM
 origin / astrophysical origin

is m
ore convenient

Antiproton/proton ratio

Kinetik Energy (G
eV)

Antiproton / proton

10
-3

10
-4

10
-5

χ χ

p,p,e
−,e

+,γ

p,p,e
−,e

+,γ

Annihilation!

Scattering!

Production!

γ
χ

χ
,

,
,

,
+

−
→

+
e

e
p

p

p
p
+

←
+
χ

χ

No antim
atter overabundance 

observed in the antiproton channel

Strong contraints set on the DM
 

m
ass/interactions
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The quest for Dark M
atter

19


100 x 10
3 ly

40  x 103 ly

1 x 103 ly

27 x 10
3 ly

AM
S

In the search for antim
atter overabundances, the m

ain issue is
KNO

W
 YO

UR BACKG
RO

UND (expected secondary production)
!

 prim
ary fluxes

!
 cross sections

!
 solar m

odulation (at low energies)

( B )

HALO

DISK

Efforts to m
easure the flux of protons, Helium

, Lithium
, Carbon, Boron, …

.. 

Diffusion
Convection
Reacceleration

Interactions with the 
Interstellar M

edium
 

(ISM
): 

•  Fragm
entation

•  Secondaries
•  Energy loss



C
osm

ic ray detection in space

Valerio Vagelli


Experim
ental detection
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Energy (G
eV)

2−
10

1
2

10
4

10
6

10
8

10
10

10
12

10

 )-1 sr s]2 ( GeV [mΦ  × 2E

7−
10

4−
10

1−
10

2
10

5
10

h2pro am
s

antip am
s (ratio*pro)

diffuse gam
m

as (sim
)

electron am
s

positron am
s

pro atic
uhecr tibet
uhecr kaskade grande
uhecr auger

S
pace exp!B

alloon exp!

G
round exp!

Protons!Electrons!
Positrons!

Antiprotons!
Photons (diffuse)!

AM
S!

ATIC
!

All Particles!
TIBET!

KASKAD
E G

RAN
D

E!

AU
G

ER
!

AM
S
!AM

S
!

AM
S
!

p (~90%
)

e
- (~1%

)

He (~8%
)

Be, C, Fe
 

(~1%
)

e
+,p

• 
Prim

ary cosm
ic rays interact with atm

osphere. O
nly secondary CRs from

 
interactions reach the ground.

• 
Flux steeply falling as function of energy. Need large collection areas 
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21


G
round based experim

ents
G

am
m

a Rays!
C

harged C
Rs!

• 
√  Large collection areas !

 probe CR energies TeV –Eev ranges
• 

X  Indirect m
easurem

ents
• 

Prim
ary CR identified via the analysis of shower shapes and com

position at 
ground (highly rely on M

onteCarlo sim
ulations)

• 
M

ain system
atics are the param

etrization of X-sections at very high energies
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22


Balloon experim
ents

• 
√  Larger acceptances than space borne experim

ents
• 
√  Direct m

easurem
ents

• 
X  O

rbit lim
ited at North poles for m

axim
um

 1 m
onth

• 
X  Residual atm

osphere above the payload

ATIC

BESS
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Space Borne experim
ents

• 
√  Direct m

easurem
ents outside atm

osphere
• 
√  Continuous duty cicles, tipically m

any years of lifetim
e

• 
√  Field of view covering the whole sky

• 
X  Sm

aller acceptances
• 

X  O
peration in space and com

m
unications not trivial

• 
X  “Use once and destroy”
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Particle Identification (in space)

24


• 
Direct identification of the cosm

ic rays via m
easurem

ent of their
• 

Velocity (Tim
e of Flight system

s, Cherenkov Radiation detectors)
• 

Charge (dE/dX detectors, Cherenkov Radiation detectors)
• 

Energy or Rigidity (Calorim
eters, Spectrom

eters)
• 

Sign of the charge (Spectrom
eters)

• 
Peculiar Interactions (TR detectors, Calorim

eters, Neutron detectors, …
)

• 
Incom

ing Direction (Tracking detectors)

Energy (G
eV)

1
10

2
10

3
10

 )-1 sr s]2 ( [GeV mΦ

3−
10

2−
10

1−
10 1 10 2
10

3
10

4
10

• 
p/e

- ~ 10
2

• 
p/e

+ ~ 10
3

• 
p/antip ~ 10

4
protons

electrons

positrons

antiprotons

Particle identification is fundam
ental for antim

atter m
easurem

ents
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Space born detectors

25


M
agnetic Spectrom

eters!
• 

Charged particle bent in m
agnetic field

• 
The sagitta is m

easured by sam
pling the 

particle trajectory through different planes
• 

The particle rigidity is inferred via

• 
Rigidity resolution scale linearly as

Sim
ple 2D

 sagitta m
odel!

• 
M

axim
um

 Detectable Rigidity M
DR

�
RR

=
1

)
R

(M
D
R

)/
L
2B

�
s

• 
L ~ Spectrom

eter dim
ensions, lim

ited by the space constraints
• 

B, lim
ited by m

agnet size and technology (superconducting m
agnet in space?)

• 
σ

S  ~ position resolution !
 experim

ental effort to achieve resolutions below 10μm
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Space born detectors

26
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ent
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d
eterm

in
ed

,
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w
e
h
ave

seen
,
by
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o

w
ell-u

n
d
erstood

• 
Calorim

eters m
easures the energy releases 

of the particle
• 

Hom
ogeneous / Sam

pling
• 

Electrom
agnetic / Hadronic

• 
The energy 
resolution im

proves 
as the energy 
increases

• 
BUT: energy resolution is not everything. Tipically the dom

inant system
atic is the 

knowledge of the energy scale!!
• 

Resolution !
 Sim

m
etric sm

earing of m
easured energy

• 
Energy scale !

 System
atic shift of m

easured energy

Statistical

fluctuations
Electronics


Inhom
ogenities,


calibration,

energy leaks,…
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ACCEPTANCE: m
easurem

ent of the collection capabilities of the detector
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ACCEPTANCE: m
easurem

ent of the collection capabilities of the detector
Tipically m

easured with M
onteCarlo sim

ulations including the detector geom
etry, 

m
aterials and interactions with the detector
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• 
Cosm

ic ray physics is (alm
ost) all about FLUXES

• 
DIFFERENTIAL FLUX: num

ber of CRs per unit of tim
e and energy (*) 

crossing the unit vector area towards a given direction in the sky
• 

M
easured in [ G

eV
-1 m

-2 s
-1]

• 
Used for point source studies (like gam

m
a rays)

• 
FLUX or INTENSITY: num

ber of CRs per unit of tim
e, energy (*) and 

solid angle crossing the unit vector area 
• 

M
easured in [ G

eV
-1 m

-2 s
-1 sr -1]

• 
Used for isotropic m

easurem
ents (charged cosm

ic rays)

(*) Fluxes can be expressed as function of different im
proper definition of “energy”

• 
Kinetik energy (calorim

eters)
• 

Kinetik energy per nucleon (calorim
eters)

• 
Rigidity (spectrom

eters)
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Precision know
ledge of the detector acceptance, response and resolution, and 

of the data acquisition in space.

Each factor uncertainty contributes equally to the final m
easurem

ent.
System

atic uncertainty studies for each factor are fundam
ental

�
(E

)
=

N

�
E

�
T

A
cc

"
s
e
l
"
tr
ig

The Flux M
easurem

ent

Num
ber of cosm

ic rays collected
FLUX

Acceptance (m
2 sr)

usually calculated using M
C sim

s

Exposure Tim
e (s)

also called “Livetim
e”

Energy/Rigidity (G
eV)

size of the bin
Particle selection efficiency

based on the statistical techniques 
em

ployed to extract N

Trigger Efficiency
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Future experim
ents

AM
S-02 will be the unique m

agnetic spectrom
eter in space

able to distinguish m
atter from

 antim
atter for the next 10 years.

32


2014

Now

 in orbit+
Cancelled+
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The AM
S-02 detector

• 
Size 5 x 4 x 4 m

, 7500 kg

• 
Pow

er 2500 W

• 
Data Readout 300,000 channels

• 
<Data Dow

nlink> ~ 12 M
bps

• 
M

agnetic Field 0.14 T

• 
M

ission duration until the end of the 
ISS operations (currently 2024)

1 anno / 35 Tera


C
ol superconduttore


C
ol superconduttore


33
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U
SA 

MIT - CAMBRIDGE 
NASA GODDARD SPACE FLIGHT CENTER 
NASA JOHNSON SPACE CENTER 
UNIV. OF HAW

AII  
UNIV. OF MARYLAND - DEPT OF PHYSICS 
YALE UNIVERSITY - NEW

 HAVEN 

M
EXIC

O
 

U
N

A
M

 

FIN
LA

N
D

 
UNIV. OF TURKU 

FR
A

N
C

E 
LUPM MONTPELLIER 
LAPP ANNECY 
LPSC GRENOBLE 

G
ER

M
A

N
Y 

RW
TH-I. 

KIT -  KARLSRUHE 

ITA
LY 

ASI 
IROE FLORENCE 
INFN & UNIV. OF BOLOGNA 
INFN & UNIV. OF MILANO-BICOCCA 
INFN & UNIV. OF PERUGIA 
INFN & UNIV. OF PISA 
INFN & UNIV. OF ROMA 
INFN & UNIV. OF TRENTO 

N
ETH

ER
LA

N
D

S 
ESA-ESTEC 
NIKHEF 

R
U

SSIA 
ITEP 
KURCHATOV INST. 

SPA
IN

 
CIEMAT - MADRID 
I.A.C. CANARIAS. 

SW
ITZER

LA
N

D
 

ETH-ZURICH 
UNIV. OF GENEVA 

C
H

IN
A 

CALT (Beijing) 
IEE (Beijing) 
IHEP (Beijing) 
NLAA (Beijing) 
SJTU (Shanghai) 
SEU (Nanjing) 
SYSU (Guangzhou) 
SDU (Jinan) 

K
O

R
EA 

EW
HA 

KYUNGPOOK NAT.UNIV. 

PO
R

TU
G

A
L 

LAB. OF INSTRUM. LISBON 

ACAD. SINICA (Taipei) 
CSIST (Taipei) 

NCU (Chung Li) 

TA
IW

A
N

 

TU
R

K
EY 

METU, ANKARA 

A
M

S : A large international collaboration 

≈ 600 physicist &
 engineers from

 57 institutes in A
SIA

, U
SA

, EU
R

O
PE 

w
orking together in the past 20 years…
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The AM
S-02 detector
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The AM
S-02 detector
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The AM
S-02 detector
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AM
S-02 on the ISS

38




C
osm

ic ray detection in space

Valerio Vagelli


AM
S-02 Physics

FUNDAM
ENTAL PHYSICS

• 
Indirect search for Dark M

atter (e
+, anti-p,…

.)
• 

Search for prim
ordial antim

atter (anti-He)

CO
SM

IC RAY CO
M

PO
SITIO

N AND ENERG
ETICS

• 
Precise m

easurem
ent of the energy spectra of H, He, Li, B, C

to provide inform
ation on CR interactions and propagation in the galactic environm

ent

TO
 ACHIEVE THIS…

..

Particle identification and Energy m
easurem

ent up to TeVs
• 

M
atter/antim

atter separation using m
agnetic field

• 
e/p separation using independent subdetectors

M
axim

ize the data sam
ple

• 
Detector size (acceptance)

• 
Exposure tim

e: ISS in space

39




C
osm

ic ray detection in space

Valerio Vagelli
 AM

S: TeV precision spectrom
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TRD

TO
F

Tracker

TO
F

RICH

ECAL 1 

2
 

7-8 

3-4 

9 

5-6 

TR
D

  
Identifies e

+, e
- 

Silicon Tracker 
 Z, P 

EC
A

L  
E of e

+, e
- 

R
IC

H
  

 Z, E 

TO
F 

 Z, E 
 Particles and nuclei are defined 

by their charge (Z) 
and energy (E ~ P)

 Z and P
 ~ E

are m
easured independently by the

  
Tracker, RICH, TO

F  and ECAL

A
M

S: A TeV precision, m
ultipurpose spectrom

eter 

 M
agnet 
±Z 

11"40




C
osm

ic ray detection in space

Valerio Vagelli


41


Tim
e of Flight S

ystem
 

M
easures Velocity and C

harge of particles 

Velocity 
[R

igidity>20G
V

] 

Events 

Z = 6 
σ

 = 48ps

5!

Tim
e of Flight TO

F

Tim
e of Flight S

ystem
 

M
easures Velocity and C

harge of particles 

Velocity 
[R

igidity>20G
V

] 

Events 

Z = 6 
σ

 = 48ps

5!

• 
M

easurem
ent of β

!
 Up-going particles (fake anti-
m

atter!) rejection up to 10
9

• 
The dE/dx can be used to 
m

easure the charge
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M
agnetic Spectrom

eter

Inner tracker alignm
ent stability  

m
onitored w

ith IR
 Lasers. 

 
The O

uter Tracker is continuously aligned  
w

ith cosm
ic rays in a 2 m

inute w
indow

  

1 

5 6 

3 4 7 8 9 

2 

Laser!rays!

Tracker 9 planes, 200,000 channels 
The coordinate resolution is 10 µm

. 

6 

9 layers of double sided silicon m
icrostrip detectors

192 ladders / 2598 sensors/ 200k readout channels

0.14 T
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M
agnetic Spectrom

eter

X 

Y 

10 μm
 coordinate resolution

2 TV M
DR for Z=1!

14 dE/dX sam
ples in Inner Tracker

4 dE/dX sam
ples in external planes
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A
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N
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10,880 
photosensors 
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A
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N
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Fe 
Fe 

Ring Im
aging Cherenkov RICH

M
easurem

ent!of!N
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Par%cle!
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 Im
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N
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10,880 
photosensors 

p!=!633!GeV/c!
p!=!203!GeV/c!

A
ero

g
el 

N
aF 

Fe 
Fe 

• 
Ring aperture !

 β
• 

Light intensity !
 Z

2
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Electrom
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Energy contained
E
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Protons
M

IP or Hadronic Shower
Irregular shower

E
ECAL << P
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P.D.F. 

P.D.F. 
Electrons!

Electrons!
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Protons!
M

ultivariate com
bination (BDT) of lateral 
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TR
D

 perform
ance on the IS

S
 

4!

Proton rejection at 90% e+ efficiency  

R
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V
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be&m
isidenBfied&as&a&positron&

ECAL&Perform
ance&on&the&ISS&

5!

Typically,&1&in&10,000&protons&m
ay&

be&m
isidenBfied&as&a&positron&

Proton rejection at 90% e+ efficiency  
ECAL and TRD e/p separation

P.D.F. 
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S: TeV precision spectrom
eter

Full coverage of anti-m
atter and CR physics
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AM
S-02 Charge M

easurem
ent

Redundant m
easurem

ents of the nuclear charge at different depths of the detector.



Precise understanding of nuclear fragm
entation in the m

aterials.



Charge M
easurem

ents of 
Light CR Nuclei
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AM
S orbit

S
A

A 

D
etector operated continuously around the clock since M

ay 2011 w
ith no m

ajor 
interruptions!

D
A

Q
 operations depend on orbit position


 Increase of trigger rate in polar region (low
 m

agnetic 
field and trapped particles) and in the S

outh A
tlantic 

A
nom

aly


IS
S

 orbit period ~ 90m
in


+/- 50 deg latitude covered
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AM
S physics results

LEPTO
NS / ANTIM

ATTER
• 

Positrons fraction e
+/(e

++e
-)

• 
Electron and Positron fluxes (e

+, e
-)

• 
Electron plus Positron flux (e

++e
-)

• 
Antiprotons/protons

HADRO
NS

• 
Proton and Helium

 (p, He)
• 

Lithium
, Boron, Carbon (Li, B, C)

AM
S-02 is providing precise data to search for new physics in the Cosm

ic Ray 
channels while im

proving the understanding of the astrophysical background with a 
coherent set of data

Sensitive to  
Dark Matter signal 

Probes to im
prove 

the astrophysical background 
knowledge 
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AM
S physics results

LEPTO
NS / ANTIM

ATTER
• 

Positrons fraction e
+/(e

++e
-)

• 
Electron and Positron fluxes (e

+, e
-)

• 
Electron plus Positron flux (e

++e
-)

• 
Antiprotons/protons

HADRO
NS

• 
Proton and Helium

 fluxes (p, He)
• 

Lithium
, Boron, Carbon (Li, B, C)

AM
S-02 is providing precise data to search for new physics in the Cosm

ic Ray 
channels while im

proving the understanding of the astrophysical background with a 
coherent set of data

Sensitive to  
Dark Matter signal 

Probes to im
prove 

the astrophysical background 
knowledge 
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Identification of e
+/-

TRD
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Tracker
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RICH

ECAL 1 
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to identify e
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TRACKER
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om
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 P
e

+/-: P
TRK  = E
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Protons: P

TRK  >> E
ECAL

ECAL
Shower Topology

to separate e
+/- from

 protons

e
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protons!

e
+/-!

protons!

P.D.F. 

e
+/-!

protons!

P.D.F. P.D.F. 
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The whole ECAL and TRD subdetector inform
ation is gathered in the so called

“classifier” 1-D variables, trained to reject protons.

ECAL and TRD, separated by the m
agnet, efficiently and independently 

discrim
inate the signal (e

+/-) from
 the background (protons)

58


electrons
positrons

protons
Antiprotons
Charge-flip protons

Identification of e
+/-
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Reference spectra for the signal and the background are fitted to data as a function 
of the TRD classifier for different cuts on the ECAL BDT estim

ator
ECAL selection 

1. 
 ECAL  efficiently rem

oves the m
ajority of background protons

2. 
 TRD  independently evaluates the tiny rem

aining protons in the selected e
+/- sam

ple

TRD
 C

lassifier tem
plate fit!

TR
D

 C
lassifier

0
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2

Events
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D
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Fit to data) signal

− 
 + e
+

(eProton background

/d.f. = 0.55
2
χ

e
+/A!

e
+/A!

protons !

protons !
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Energy M
easurem

ent

EC
AL energy scale know

n at 2%
 level in 

[10.0 – 290.0] G
eV !

Test Beam
 Electrons!

10 20 80 100 120 
180 

290 
• 

ECAL energy resolution ~2%
 

• 
ECAL energy absolute scale tested during test 
beam

s on ground
• 

W
e have no line in space (as in collider exp.) to 

calibrate the energy scale in orbit!
• 

M
IP ionization used to cross-calibrate the 

energy scale in orbit

ECAL energy com
parison with 

Tracker rigidity (E/P) used to assure 
the stability of the scale over tim

e
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Positron Fraction
Rise in the fraction of positrons (antim

atter) over electrons (m
atter) not expected by 

the current Standard M
odel of CR origin and propagation
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Unprecedented accuracy and energy range allowed a detailed study of the positron 
fraction behavior with energy
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Positron Fraction
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Energy (G
eV)

1
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2
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- Fluxes
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30 m
onths!

9.3 m
illion e

- events!
30 m

onths!
0.6 m

illion e
+ events!

e
+ and e

- Fluxes

e
+ and e

- flux are significantly different in their 
m

agnitude and energy dependence

The positron fraction rise is due to an excess 
of positrons, not due to a unpredicted 

decrease of electrons.

astrophysical
m
odels

including
the

m
inim

al
m
odel

dis-
cussed

in
R
efs.[1,2].T

his
w
ill

be
presented

in
a
separate

publication.
T
he

differing
behavior

of
the

spectral
indices

versus
energy

indicates
that

high-energy
positrons

have
a

different
origin

from
that

of
electrons.

T
he

underlying
m
echanism

of
this

behavior
can

only
be

ascertained
by

continuing
to

collect
data

up
to

the
TeV

region
(currently,

the
largest

uncertainties
above

∼
2
0
0
G
eV

are
the

statistical
errors)

and
by

m
easuring

the
antiproton

to
proton

ratio
to

high
energies.

T
hese

are
am

ong
the

m
ain

goals
of

A
M
S.

In
conclusion,

the
electron

flux
and

the
positron

flux
each

require
a

description
beyond

a
single

pow
er-law

spectrum
.
B
oth

the
electron

flux
and

the
positron

flux
change

their
behavior

at
∼
3
0
G
eV

,
but

the
fluxes

are
significantly

different
in

their
m
agnitude

and
energy

dependence.
B
etw

een
20

and
200

G
eV,

the
positron

spectral
index

is
significantly

harder
than

the
electron

spectral
index.

T
hese

precise
m
easurem

ents
show

that
the

rise
in

the
positron

fraction
is

due
to

the
hardening

of
the

positron
spectrum

and
not

to
the

softening
of

the
electron

spectrum
above

10
G
eV.

T
he

determ
ination

of
the

differing
behavior

of
the

spectral
indices

versus
energy

is
a

new
observation

and
provides

im
portant

inform
ation

on
the

origins
of

cosm
ic-ray

electrons
and

positrons.
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Energy (G
eV)

1
10

2
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3
10

 )-1 sr s]2 [m2 ( GeV-+e+eΦ × 3E
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(e
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Independent m

easurem
ent of the total e

+/- flux without identification of the charge sign.
Higher energy reach and im

proved accuracy due to looser selection.
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Energy (G
eV)

1
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H
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.E.S.S. (LE)

(e
++e

-) Flux
Independent m

easurem
ent of the total e

+/- flux without identification of the charge sign.
Higher energy reach and im

proved accuracy due to looser selection.

(e
++e

-) [0.5 – 1000] G
eV!

30 m
onths!

10.6 m
illion (e

++e
-) events!
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The (e
++e

-) flux is sm
ooth, and can be described by a single power law starting 

from
 30 G

eV up to 1 TeV.
No evidence of fine structures has been observed in the (e

++e
-) spectrum

.
!
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W
hat’s next…

..
Explore the TeV energy range
• 

O
verlap with ground experim

ents
• 

Search for spectral features
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W
hat is AM

S observing?
Som

ething “different” with respect to conventional m
odels of e

+ production by 
collisions of CR hadrons with the interstellar m

edium
 (ISM

)
Astrophysical Sources?
• 

Local sources as pulsars (e
+/- only source, anisotropy..)

• 
Additional acceleration m

echanism
s (reacceleration of CR hadrons in old SNRs)

Dark m
atter?

• 
Isotropic distribution arrival for e

+/-

• 
Signatures in other channels (like antiprotons)

P
ositrons: χ + χ →

 e
+ + …

 
m
χ=800 GeV 

Collision!of!Cosm
ic!Rays!

I.!Cholis!et!al.,!JCAP!0912!(2009)!007!!

m
χ=400 GeV 

e+ /(e+ + e-) 

Donato!et!al.,!PRL!102,!071301!(2009)!

A
ntiprotons: χ + χ →

 p + …
 

Collision!of!Cosm
ic!Rays! m

χ= 1 TeV 

10  
10

2  

10
-1  
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The low
 energies!

Below 10 G
V, the RICH and TRD efficiently separate antiprotons from

 e
+/- and local 

pions produced by interactions of CRs with the detector m
aterial

43 

p&idenDficaDon&below
&10&GV&

P
o

sitive
 R

ig
id

ity (sc
a

le
d

 1
/5

0
0

) 
N

e
g

ative
 R

ig
id

ity 

Antiprotons
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• 
TRD discrim

inates e
- / anti-p

• 
The negative “anti-p” sam

ple is 
dom

inated by charge-flip protons

Reference spectra of charge-flip protons and genuine 
anti-p have been fit to data to estim

ate the 
background in the selected “negative-charge” sam

ple



Anti-p are 10
4 less abundant than p. Charge sign flip is the dom

inating system
atic




Antiprotons
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Antiprotons
p/p ratio [1 – 450] G

eV!
40 m

onths!
290,000 antiproton events!

The AM
S m

easurem
ent extends w

ith high precision into a new
 energy frontier.71




C
osm

ic ray detection in space

Valerio Vagelli


Antiprotons
The accuracy of the AM

S m
easurem

ent challenges the current know
ledge of  

cosm
ic background

72
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AM
S physics results

LEPTO
NS / ANTIM

ATTER
• 

Positrons fraction e
+/(e

++e
-)

• 
Electron and Positron fluxes (e

+, e
-)

• 
Electron plus Positron flux (e

++e
-)

• 
Antiprotons/protons

HADRO
NS

• 
Proton and Helium

 fluxes (p, He)
• 

Lithium
, Boron, Carbon (Li, B, C)

AM
S-02 is providing precise data to search for new physics in the Cosm

ic Ray 
channels while im

proving the understanding of the astrophysical background with a 
coherent set of data

Sensitive to  
Dark Matter signal 

Probes to im
prove 

the astrophysical background 
knowledge 
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The AM
S-02 Tracker Rigidity resolution has been checked com

paring Test Beam
 

data and M
onte Carlo Sim

ulations to Space data.

P
rotons!

H
elium

!
C

oordinate resolution!

74


The redundant m
easurem

ent of the e
+/- 

energy w
ith the ECAL is used to further 

control the Tracker rigidity scale

Resolution Function!
400 G

eV M
onte C

arlo

400 G

eV Test Beam



M
onte C

arlo

Space D

ata


Proton and Helium
 Fluxes
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Proton and Helium
 Fluxes

) [G
eV/n]

k
K

inetic Energy (E
1

10
2

10
3

10
4

10
5

10
6

10

]1.7 (GeV/n)-1 s-1 sr-2 [m2.7
k E×Flux 

1 10 2
10

3
10

4
10

AM
S-02 (2011/06-2013/11)

ATIC-2 (2003/01)
BESS (2002/08)
CAPRICE-94 (1994/08)
CAPRICE-98 (1998/05)
CREAM

 (2004/12-2005/01)
IM

AX-92 (1992/07)
JACEE (1979-1995)
PAM

ELA (2006/07-2008/12)
RUNJO

B (1995-1999)
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Proton and Helium
 Fluxes) [G

V]
R ~

Rigidity (

10
2

10
3

10

]1.7 GV-1sec-1sr-2  [m2.7R~ ×Flux 0.5 1

1.5 2

2.5 3

3.5
3

10
×

AM
S-02

a)

Protons!

The H and He spectra harden w
ith increasing rigidity

H
elium

!

Both fluxes cannot be described by single power laws. A break in the power law at 
R~300 G

V is required to describe the data.

Δγ=0

Δγ=0


Fit to data

Δγ=0

Χ

2 / n.f. = 22/27


Fit to data

Δγ=0

Χ

2 / n.f. = 25/26
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Lithium

Lithium
 identification!

1. 
Inner Tracker C

harge selection

(H

,H
e contam

ination << 0.1%
)




2. 

Tracker Layer 1 C
harge used to 

estim
ate heavier nuclei fragm

entation 


A
nalisi litio sim

ile a quella dell’elio,

Q

uindi è un byproduct di quella e ha piu statistica


Il carbonio è una analisi a parte, fatta con un sacco di tagli xche prem

lim
iare,


Q
uindi con m

eno statistica!

 Inner Tracker |Z| selection

Tracker L1 fragm
entation estim

ation
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Lithium
 Flux

R
igidity [G

V]
10

2
10

3
10

]-1 s-1 sr-2 m1.7 [GV2.7 R×Flux 

0 5 10 15 20 25 30

AM
SA02!

O
rth!et!al!(1978)!

Juliusson!et!al!(1974)!
!

R
igidity [G

V]
10

2
10

3
10

]-1 s-1 sr-2 m1.7 [GV2.7 R×Flux 

1 10

The large size of the collected statistics and the 
charge identification capabilities of AM

S allow to 
m

easure the Li flux with unprecedented 
precision.

Lithium
!

30 m
onths!

1.5 m
illion Li events!

Fit to data

Δγ=0
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Boron/Carbon
B is produced by spallation of CNO

 with the ISM
. C is a prim

ary species
• 

Sensitive to propagation m
echanism

s and and its galactic environm
ent

• 
Experim

entally convenient to m
easure, B and C have sim

ilar interaction with m
atter

B and C identification
1. Inner Tracker Charge selection
2. Tracker Layer 1 Charge used to 

estim
ate CNO

 !
 B fragm

entation 
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E
ve

n
ts se

le
c
te

d
 a

s B

a
c
c
o
rd

in
g
 to

 In
n
e
r Tra

c
ke

r

B!

"
O
!

"
C!"

N
!

Tracker Layer 1 C
harge!

C
ontam

ination < 3%



S
election efficiency > 96%
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Carbon and Boron

) [G
eV/n]

k
kinetic Energy (E

1
10

2
10

3
10

]1.7 (GeV/n)-1 sr-1 s-2 [ m2.7
kCarbon Flux * E

0 10 20 30 40 50 60
AM

S-02
PAM

ELA (2014)
TRACER (2011)
ATIC (2009)
CREAM

 II (2009)
Buckley et al. (1994)
Derrickson et al. (1992)
CRN-Spacelab2 (1991)
HEAO

3-C2 (1990)
Sim

on et al. (1980)
O

rth et al. (1978)
Lezniak & W

ebber (1978)
Juliusson et al. (1974)

No structures or features are observed in the C flux nor in the B/C ratio.

Additional statistics will provide m
ore quantitative inform

ation on the behavior at high energies

C
arbon!

Kinetic Energy (G
eV/n)

1
10

2
10

3
10

Boron-to-Carbon Ratio0.02

0.03

0.04
0.05

0.1

0.2

0.3

0.4

AM
S-02

PAM
ELA (2014)

TRACER (2006)
CREAM

-I (2004)
ATIC-02 (2003)
AM

S-01 (1998)
Buckley et al. (1991)
CRN-Spacelab2 (1985)
W

ebber et al. (1981)
HEAO

3-C2 (1980)
Sim

on et al. (1974-1976)
Dwyer & M

eyer (1973-1975)
O

rth et al. (1972)

Boron/C
arbon!40 m

onths!
7 m

illion C
 events!

2 m
illion B events!
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Future experim
ents

AM
S-02 will be the unique m

agnetic spectrom
eter in space

able to distinguish m
atter from

 antim
atter for the next 10 years.
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2014

Now

 in orbit+
Cancelled+
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Conclusions

82


AM
S w

ill m
atch the lifetim

e of the Space Station
• 

Continue the search for Dark M
atter

• 
Im

prove the CR origin and propagation m
odels

• 
Q

uest for the existence of prim
ordial Antim

atter
• 

Search for new phenom
ena, …

• 
Tim

e dependent effects of low energy CR 
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NOW
 IN SPACE 

D
ec. 17

th ( 8:12), 2015 

�
�
�
�W

ukong+
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DAM
PE Science

84


Satellite for high energy cosm
ic ray direct detection

• 
Indirect search for Dark M

atter with e
+/- and gam

m
a-rays

• 
Precise m

easurem
ent of the cosm

ic ray spectrum
 and com

position
• 

High energy gam
m

a-ray astronom
y

• 
Detection of 5 G

eV - 10 TeV e/γ
• 

M
easurem

ent of 100 G
eV – 100 TeV cosm

ic rays
• 

Excellent energy resolution and tracking precision

Follow
-up m

ission to AM
S-02 and Ferm

i-LAT
• 

Extend the energy range above th TeV region with im
proved energy resolution

• 
O

verlap with Ferm
i for som

e tim
e

University and INFN of Perugia
University and INFN of Lecce
University and INFN of Bari!
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The Dark M
atter Particle Explorer

85


The D
A

M
P

E
 D

etector   

9	

Plas&c	Scin&llator	Detector		

Silicon-Tungsten	Tracker		

BGO
	Calorim

eter		

N
eutron	Detector		

IN
FN

-IHEP	m
ee-ng	

G.	Am
brosi	 W

 converter + thick calorim
eter (total 33 X

0 )        
+ precise tracking + charge m

easurem
ent �

  
high energy γ-ray, electron and C

R
 telescope 

W
!converter!+!thick!calorim

eter!(total!33!X0)!
+!precise!tracking!+!charge!m

easurem
ent!�

!
high!energy!γAray,!electron!and!CR!telescope!
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The Dark M
atter Particle Explorer

86


C
o

m
p

ariso
n

 w
ith

 A
M

S-0
2

 an
d

 Fe
rm

i 

D
A

M
P

E 
A

M
S-0

2
 

Fe
rm

i LA
T 

e/γ Energy res.@
100 GeV (%

) 
1.5  

3 
10 

e/γ Angular res.@
100 GeV (°

) 
0.1 

0.3 
0.1 

e/p discrim
ination 

10
5 

10
5 - 10

6 
10

3 

Calorim
eter thickness (X

0 ) 
31 

17 
8.6 

Geom
etrical accep. (m

2sr) 
0.29 

0.09 
1 

•
G

e
o

m
etrical acce

p
tan

ce
 w

ith
 

B
G

O
 alo

n
e

: 0
.3

6
 m

2sr 

–
BGO

+STK+PSD: 0.29 m
2sr  

–
First 1

0
 laye

rs o
f B

G
O

 (2
2

 X
0 ) 

+STK
+P

SD
: 0

.3
6

 m
2sr 
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The Dark M
atter Particle Explorer

87


Dark M
atter Particle Explorer Satellite 

•
O

ne of the 5 satellite m
issions of the Strategic Priority Research Program

 in 
Space Science of CAS 
–

Approved for construction (phase C/D) in Dec. 2011  
–

Scheduled launch date Decem
ber 17, 2015 from

  
     Jiuquan Satellite Launch Center in the Gobi desert 

 

•
Altitude 500 km

 
•

Inclination 87.4065
°

  
•

Period 90 m
inutes 

•
Daw

n/dusk (6:30 AM
) 

sun-synchronous orbit 

•
Satellite < 1900 kg, payload ~1340kg 

•
Pow

er consum
ption 640W

 (400 W
) 

•
Lifetim

e > 3 years 
•

Launched by CZ-2D rockets  

9 
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Silicon Tracker STK

88


6 planes of Si m
icro-strip detector

interleaved with W
 converter layers.

768 sensors with 121 μm
 pitch / 242 μm

 readout

Tracker tested at CERN test beam
s.

Calibration/alignm
ent using flight data ongoing
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BG
O

 Calorim
eter

89


14 layers of BG
O

 bars
22 bars/layers, 308 total
X

0 =32, λ=1.6 for high e/p separation
Electron Energy and Angle Reconstruction 

 (linearity and resolutions ) 

22 

Each bar readout by PM
Ts at both ends

Longitudinal shower development


Lateral show
er developm

ent


e
+/-


p
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328G
eV

 electron
�

First Space events
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12G
eV

 
proton 

12  G
eV

 proton
�

First Space events
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9G
eV

 gam
m

a-ray
�

First Space events

9 G
eV

 photon
�
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First Space events

1.3 TeV
 carbon

�
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First Space events
electron        gam

m
a-ray     Proton

�
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Science Prospects

DAM
PE-EU

 m
eeting - M

arch 2016 
I. De M

itri et al. (Lecce) 
12/14 

Electrons (+ positrons) 

Difficult detection of the cutoff at the highest energies 

DAM
PE 3yrs 

Allow
ing fluctuations: one possible outcom

e 
(e

++e
-) flux m

easurem
ent�

DAM
PE

3 years�

Search for fine 
structures 

below 1 TeV
�

Sources 
acceleration 
break region

�

Unprecedented 
explored region

!
 Nearby pulsar?
!
 Dark M

atter?
�
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Science Prospects

DAM
PE-EU

 m
eeting - M

arch 2016 
I. De M

itri et al. (Lecce) 
4/14 

protons, He, and nuclei from
 C to Fe 

(DAM
PE 3 years , Hoerandel fluxes ) 

Precision m
easurem

ent of 
hardening and spectral indexes 

Allow
ing fluctuations: one possible outcom

e 
See our talk at the october 2015 

PM
O

 m
eeting for details 

p and He fluxes�
DAM

PE
3 years�

M
easurem

ent at the 
300 G

eV break�

M
easurem

ent at the CR 
“knee” region

�
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