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$Discovery$of$Cosmic$Rays:$origin$

!   &1896&Becquerel&discovers&radioacIvity:&
Spontaneous&electrical&discharge&of&electrometers&due&to&natural&radioacIvity?&
Many&researches&in&UK&and&Germany&

1899&Discharge&due&to&highly&penetraIng&ionizing&radiaIon&(Elster&&&Geitel,&Wilson)&&!   &

1901U1910&Several&experiments&to&test&hypothesis&on&the&origin&of&such&radiaIon:&&
&&&&&&&&&&&&&&&&&&&&&Earth,&atmosphere&or&outers&space?&&

!   &

1912&Hess&balloon&flight&during&solar&eclipse:&no&essenIal&reducIon&at&5300&m&wrt&ground&&
Concludes&that&radiaIon&must&come&from&the&outer&space&

Discovery&of&a&natural&source&of&highUenergy&parIcles:&cosmic&radiaIon&(Nobel&Pize&1936)&

!   &

1785&First&observaIon&of&the&spontaneous&discharge&of&an&electrometer&&!   &

h`p://Imeline.web.cern.ch/Imelines/cosmicUrays&

&&&Wilson&1901:&no&reducIon&of&intensity&inside&railway&tunnel&in&Scotland&
terrestrial&origin&favoured&

&Wulf&1909:&alItudeUdependent&measurements&on&the&the&Tour&Eiffel&
&&&&&&&&&&&&&&&&&reducIon&at&300&m&too&small&to&confirm&terrestrial&origin&

Pacini&1910:&&observes&intensity&reducIon&at&3&m&underwater&wrt&surface&&
Gockel&1910:&no&reducIon&with&height&from&balloonUflight&measurements&up&to&3000m&&&&&&
&&&&&&&&&&&&&&&&&Purely&terrestrial&origin&dismissed,&coniates&term&“kosmische)Strahlung”&



$$Discovery$of$Cosmic$Rays:$nature$

!   &1929&Geiger&and&Müller&develop&a&gasUfilled&ionizaIon&detector&
Bothe&and&Kolhörster&study&nature&of&CR&using&a&coincidence&detector&built&
connecIng&two&GeigerUMüller&counters&with&an&electrometer:&
found&cosmic&rays&consisted&of&electrically&charged&parIcles&and&not&gamma&rays&

1928&Millikan&hypothezises&that&cosmic&radiaIon&is&electromagneIc:&
coniates&the&term&“cosmic&rays”&

!   &

Bruno&Rossi&coincidence&experiments&refute&Millikan’s&theory&that&the&cosmic&rays&&
&&&&&&&&&&&&&&&&&&&&&&consisted&of&gamma&rays.&

1932&Anderson&discovers&the&positron&studying&cosmic&rays&with&a&cloud&chamber&
&&&&&&&&&&(Nobel&prize&in&1936)&&

!   &

1933&Rossi&demonstrated&an&eastUwest&effect&that&showed&that&the&majority&of&cosmic&
rays&were&posiIve&(measurement&also&by&Johnson&and&Alvarez&Compton)&

!   &

h`p://Imeline.web.cern.ch/Imelines/cosmicUrays&

1911&Wilson&builds&the&cloud&chamber:&sees&first&parIcle’s&track&!   &

1941&Schein&and&coll.&Show&that&cosmicUrays&are&predominantly&protons&&!   &

1948&Freier&and&coll.&&detect&heavy&nuclei&in&cosmic&rays&!   &

McDonald)and)Ptuskin,)The)Century)of)Space)Science,)677–697)(2001).&

1962&Earl,&Vogt&&Mayer:&first&direct&detecIon&of&electrons&in&cosmic&rays&!   &



~1$GeV/n$

Hörandel&Adv.&Space&Res.&41&(2008)&442&

(1983)&

Protons$~89%$
He$~9%$
Nuclei$Z>2$~1%$
electrons$~1%$

C$O$

N

Li$

Be$

B$

Cosmic8Ray:$composi,on$and$origin$
RelaIve&abundance&of&elements&in&cosmic&rays&at&Earth&compared&to&solar&system:&

Fe$

LiUBeUB&and&subUFe&group&overabundant&in&Cosmic&Rays:&
secondaries&CR&&produced&by&spallaIon&of&primaries&CUNUO&and&Fe&respecIvely&

EvenUodd&effect:&
evenUeven&nuclei&more&Ightly&bound&&
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PAMELA&

All8par,cle$spectrum:$

KineIc&energy&per&parIcle&&

Cosmic8Ray$energy$spectra$and$composi,on$

Electrons$~1082$protons$$$
Positrons$~1083$protons$
An,protons$~1084$protons$
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Nuclear&component:&

Fl
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RelaIve&abundances&are&not&constant&on&full&energy&range&



credit:)HAP)/)A.)Chantelauze&

Cosmic8ray$energy$spectrum$

DetecIon&of&charged&Cosmic&Rays:&

Hörandel)Adv.Space)Res)41)(2008))442W463&DIRECT$DETECTION$
Balloons$or$space8born$
$detectors$$

INDIRECT$DETECTION$
Ground8based$detectors$

DIRECT$DETECTION$
Balloons$or$space8born$
$detectors$$

@100&GeV&

@106&GeV&

@109&GeV&

INDIRECT$DETECTION$
Ground8based$detectors$

Extends&from&&100&MeV&to&~1020&eV&
&

Steeply&falling:&
flux&decreases&by&30&orders&of&magnitude&
from&GeV&to&1020&eV&

AMS$



Major&changes&of&spectral&index&at:&
~4x1015eV&(knee),&&
~4x1017eV&(2nd&knee)&
~1018.5eV&(ankle)&

ParYcleDataGroup:)Cosmic)Rays)Review)2016&

$Ε83.1$$
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Cosmic8ray$energy$spectrum:$spectral$features$

C$"$Ε82.7$$

From&~10&GeV&to&about&1015&eV:&
dN/dE&=&C"Εγ&

spectral&index&γ&�&U2.7,&fairly&constant&
detailed&analysis&shows&that&γ&varies&

CutUoff&at&~1020eV&&

Accompanied&by&changes&in&composiIon&&&

PRL&107&171104&(2011)&



$Cosmic8Ray$physics:$

knee$

2nd$knee$

How&they&&get&accelerated&to&&
such&high&energies?&

knee$

2nd$knee$

ankle$

&&From&where&they&come&from?&

Which&is&the&transport&mechanism&from&&
their&sources&to&Earth?&

Observables:&
Spectral&features&
Mass&composiIon:&

Individual&spectra,&secondary/primary&raIos,&Isotopes&
Arrival&direcIon:&

Isotropic&or&not&isotropic?&

Are&there&exoIc&sources&of&CR?&&
Dark&Ma`er?&

But&also&mulIUmessenger&approach:&xUrays,&gamma&rays,&neutrinos&

$$$$$$$Extragalac,c$

Galac,c$



$$Galac,c$cosmic$rays$accelera,on$and$transport:$
Diffusive&Shock&AcceleraIon&in&SuperNovae&Remnants&&(SNR&paradigm)&
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&

Results&in&universal&powerUlaw&spectra&EU2&

Diffusive&transport&in&the&Galaxy:&

Spectrum&at&the&source&injected&in&the&InterUStellar&Medium&

Maximum&energy:&
Emax&~Z&"&1015&eV&

1st&order&Fermi&mechanism:&
ParIcles&gain&energy&sca`ering&
&back&and&forth&across&the&shock&&&

For&a&review&&D.Caprioli&ICRC2015&

$galac,c$
halo$

$galac,c$
halo$

Galac,c$$
disk$

10&GeV&CR&galacIc&residence&Ime&~108&yr&
&&&&CR&are&produced&in&the&disk&and&travel&diffusively&in&the&halo&in&the&galacIc&magneIc&field:&

D(E)&diffusion&coefficient&&~Eδ&
&&&&&&&&Can&be&deduced&from&secondary/primary&&
&&&&&CR&raIos&(B/C)&
&

Spectrum&at&Earth:&~EU2Uδ&

SNR&Earth&

energy&losses,&convecIon&in&the&galacIc&wind,&&
reacceleraIon,&decay,&fragmentaIon&&



AMS02&

Physics$goals:$$
Galac,c$Cosmic$Ray$proper,es:$

$
$
$
$

Indirect$searches$for$Dark$Ma`er:$
$
$
$
Direct$detec,on$of$primordial$An,ma`er$(an,8He)$

Cosmic8Ray$Physics$at$the$GeV8TeV$range$
$with$the$Alpha$Magne,c$Spectrometer&

Are$primary$spectra$at$sources$really$universal?$
$$$$$$$measurement$of$primary$CR$spectra$(electrons,$protons,$He,$C)$
Propaga,on$through$the$Galaxy:$diffusion$coefficient,$reaccelera,on,$etc.$
$$$$$$$measurement$of$secondary$CR$fluxes$and$ra,os$to$primaries$(Li,$B,$B/C)$

Exo,c$signals$in$rare$secondary$CRs$(e+,$an,8p,$an,8d)$
$$$$$$measurement$of$positron$frac,on$and$of$anisotropy$of$positron/electron$ra,o$
$$$$$$measurement$of$an,8proton$to$proton$ra,o$$



AMS$

MagneIc&Spectrometer:&
RigidiIes&(R=p/Ze)&from&GV&to&TV&
Charged&parIcles&from&Z=1&to&28&

The$AMS$Experiment$

Cosmic&Ray&data&taking&rate:&&
&&&&&&&&&18&billion&events&per&year&

Installed&on&ISS&since&May&2011&
Near&Earth&Orbit:&&

alItude&400&Km&
inclinaIon&52°&
period&92&min&

Mission&duraIon:&&
up&to&2024&

CREDIT&NASA&

Perform$complete$inventory$of$charged$Cosmic$Rays$from$$GV$to$few$TVs$:$$
$$$$$$$$$$$$$$$$$$$$$individual$fluxes$of$e+,$e8,$protons,$an,8protons$and$nuclei$up$to$Ni$$
Isotope$composi,on$up$from$0.5$GeV/n$to$~10$GeV/n$for$light$nuclei$(He,$Be…)$
Search$for$an,8Helium$with$a$sensi,vity$of$1/109$
$



AMS:$A$TeV$precision,$mul,purpose$spectrometer$

TRD 

TOF 

Tracker 

TOF 

RICH 

ECAL 

1 

2 

7-8 

3-4 

9 

5-6 

Transi,on$Radia,on$Detector$
Iden,fy$e+,$e8$

Par,cles$and$nuclei$are$defined$by$their$
$charge$Z$and$energy$(E$≈$p$≈$β)$$$

Magnet$
±Z$

Electromagne,c$Calorimeter$
E$of$e+,$e8$

Silicon$Tracker$
Z,$Rigidity=p/Ze$

Ring$Imaging$Cherenkov$
Z,$β$

Time$Of$Flight$
Z,$β$

Charge$Z$and$energy$E$are$measured$independently$
from$Tracker,$TOF,$RICH,$ECAL$$
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15&

Measurements$of$the$proton$flux$$
before$AMS$

UncertainIes&of&O(30%)&



16&

AMS$Precision$Measurement$of$the$proton$flux$$$
PRL&114,&171103&(2015)$$
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300&million&events&&&

Confirmed&hardening&at&high&energies&



17&

The&spectrum&cannot&be&described&by&a&single&power&law&

AMS$Precision$Measurement$of$the$proton$flux$$$
PRL&114,&171103&(2015)&

&Spectral&index&vs&Rigidity&

Break&&around&300&GV&

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$Rigidity$[GV]$
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Measurements$of$the$Helium$flux$$
before$AMS&

UncertainIes&of&O(30%)&
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AMS$Precision$measurement$of$the$Helium$flux$
PRL&115,&211101&(2015)&&
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Confirmed&hardening&at&high&energies&
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AMS$Precision$measurement$of$the$Helium$flux&
PRL&115,&211101&(2015)&&

The&spectrum&cannot&be&described&by&a&single&power&law&

Break&&around&250&GV&

&Spectral&index&vs&Rigidity&



21&

AMS$Proton$to$Helium$flux$ra,o$
PRL&115,&211101&(2015)&&
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Single power law fit (R>45 GV)

Traditional Models

Theoretical prediction 
A.  E. Vladimirov, I. Moskalenko, A. Strong, et al.,  
B.  Computer Phys. Comm. 182 (2011) 1156 

22&

AMS$Proton$to$Helium$flux$ra,o$
PRL&115,&211101&(2015)&&

Protons$and$helium$are$both$“primary”$cosmic$rays.$
If$the$accelera,on$mechanism$is$universal$their$ra,o$should$be$flat.&

AMS$p/He$ra,o$is$not$flat:$He$spectra$harder$than$p.$

&Spectral&index&vs&Rigidity&

γ&=U0.077&+U&0.002(fit)&+U&0.007&(sys)&



23 

AMS$measurement$of$Lithium$flux$&
Up&to&now&it&was&assumed&that&cosmic&lithium&is&purely&secondary&in&origin.&

AMS&

AMS&data&show&that&either&cosmic&lithium&has&also&a&primary&origin&or&
the&diffusion&coefficient&describing&propagaIon&of&cosmic&rays&is&rigidity&dependent.&



24 

AMS$measurement$of$Boron$flux$&
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AMS$data:$5$years$
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AMS$measurement$of$Carbon$flux$&

AMS$data:$5$years$$$
8.3$million$carbon$nuclei$



Galac,c$Halo$

C,$N,$O,$…$+$ISM$#$B$+$X$

Galac,c$Disk$

ISS$

Cosmic&Rays&are&commonly&modeled&as&a&relaIvisIc&gas&diffusing&through&&a&
magneIzed&plasma.&

Models&of&the&magneIzed&plasma&predict&different&behavior&for&B/C&=&k)Rδ.&&
With&the&Kolmogorov&turbulence&model&&δ&=&U1/3&is&expected,&&

while&the&Kraichnan&theory&leads&to&δ&=&U1/2.&&&&&

B

C

Flux$Ra,os:$Boron/Carbon$and$propaga,on$

26 
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Measurement$of$Boron$to$Carbon$flux$ra,o$$
PRL&111,&231102&(2016)&&
&

AMS02$5$years$data$
2.3$million$boron$nuclei$
8.3$million$carbon$nuclei$

AMS02&data&agree&with&the&Kolmogorov&
turbulence&model&

B/C$spectral$index$

δ&

δ&=&U0.333&±&0.014&(fit)&±&0.005&(sys)&

Above&65&GV&B/C&can&be&
described&by&a&single&power&law&



AMS$measurement$of$nuclei$fluxes:$
where$we$stand$&

Summary (on nuclei)
Primary	and	secondary	cosmic	rays	have	

characteristically	different	rigidity	dependence.	
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AMS$positron$iden,fica,on$
electron/proton&separaIon&power&@&90%&e±&selecIon&efficiency&

Number&of&e+&and&eU&from&template&fit&&&&

Charge&1&parIcle&idenIficaIon&ECAL+TRD+Tracker:&



Positron$frac,on$measurement:$
PRL&110,&141102&(2013)&&:&energy&range&0.5&to&350&GeV&&&

PRL&113,&121101&(2014)&:&energy&range&increased&to&500&GeV&&

AMS$PRL$113,$121101$(2014)$
11&million&e±&events$$

AMS$PRL$110,$141102$(2013)$
6.8&million&e±&events&
$$

Confirm&positron&fracIon&raise&for&E>10GeV& Observe&fla`ening&beyond&250&GeV&&



Positron$frac,on$measurement:$
PRL&110,&141102&(2013)&&:&energy&range&0.5&to&350&GeV&,&6.8&million&e±&events&

PRL&113,&121101&(2014)&:&energy&range&increased&to&500&GeV&,&11&million&e±&events&
Latest&result&(2016):&energy&range&increased&to&700&GeV,&20&million&e±&events&



Evidence$of$addi,onal$source:$
positron$frac,on$fit$to$a$phenomenological$model$

(2016)$

(PRL&110,&141102&(2013))&&&



33&

Evidence$of$addi,onal$source:$
individual$positron$and$electron$fluxes$

Positron&fracIon&raise&due&to&excess&of&positrons&(not&lack&of&electrons)&&

Both&fluxes&harden&above&30&GeV&:&consistent&with&a&contribuIon&of&an&addiIonal&source&
Positron&flux&harder&than&electron&flux&

AMS$Measurement$of$Electron$and$Positron$fluxes$$(PRL$113,$121102$(2014))$



The$precision$AMS$measurement$of$the$(e++$e8)$flux$
PRL&113,&221102&(2014)&&
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AMS$2016$

Indirect$search$for$Dark$Ma`er&

The&excess&of&positrons&is&measured&by&the&positron&fracIon:)e+/(e+&+&e−)&

However&DM&is&not&the&only&possible&interpretaIon&of&the&observed&positron&excess&

Possible&enhancement&of&rare&secondary&CR&spectra&from&χ&+&χ&→&e+,&p,&d,&...&
_&&&_&



Possible$interpreta,on$of$the$observed$positron$
frac,on$excess:$

astrophysical$sources$vs$DM$
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FIG. 6: The positron fraction (left) and electron flux (right) for the background together with an exotic component from
multiple pulsars or DM annihilation in τ+τ− channel. The “mock” DAMPE data are assumed to be contributed by multiple
pulsars and are generated using the pulsar set denoted by black dot-dashed line in Fig. 4. The DM contribution corresponds
to the best fit of an MCMC parameter scan.

cles [15]. Here the e/p separation is taken to be 5 × 105

corresponding to the detector thickness of 32 radiation
lengths [32]. The relative systematic uncertainty is esti-
mated by (Np/5× 105)/Ne.
We use the MCMC method to explore the possible

DM parameter space to fit the mock electron/positron
flux data for DAMPE, the positron fraction data from
AMS-02 and the electron flux data from PAMELA. As
above, the proton injection spectrum is fixed, while the
parameters of the primary electron injection spectrum
are free. Therefore, the background corresponding to the
fit for the DM is usually different with that for multiple
pulsars. The DM annihilation final states are taken to
be τ+τ−, which induce a soft positron spectrum favored
by the AMS-02 result. From the results shown in Fig. 6,
we find that the behavior of the electron/postron spec-
trum from the DM source is mainly determined by the
mock DAMPE data below ∼ 300 GeV due to very small
uncertainties, and it cannot reproduce the fine structures
above 300 GeV at the data. If the differences between
the electron/positron spectra from the DM and the pul-
sar origins are significant as the examples shown here,
DAMPE would have the capability to discriminate these
two scenarios.

VII. DISCUSSIONS AND CONCLUSIONS

In this work, we investigate the pulsar origin of the
positron fraction measured by AMS-02 recently. We first
consider the case that the high energy positrons are pro-
duced by a single pulsar, such as Geminga or Monogem.
We find the AMS-02 data can be well fitted in this case
with a soft power-law index of α ∼ 2. Such a soft spec-

trum requires a large injection energy from the pulsar,
which is comparable to the total energy loss of the pul-
sar derived from Eq. (3). Considering the uncertainties
from CR propagation parameters and the pulsar models,
such a tension may be relaxed. We then consider the
case that the positrons are from multiple pulsars in the
ATNF catalogue. We find such scenario can also fit the
AMS-02 data very well.

It is shown that pulsars can be a natural explanation
of the AMS-02 positron excess. Compared with the DM
scenario, pulsar scenario may have some distinct features
to be distinguished from the DM models. It is very
possible that there might be fine structures on the elec-
tron/positron spectrum in the pulsar scenario, because
the parameters of pulsars might differ from one to an-
other [9]. Furthermore, since one or several nearby pul-
sar(s) may dominate the flux of high energy positrons,
it may induce a remarkable anisotropy [5, 15]. Both the
fine structures and the anisotropy could be tested with
future observations.
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Pulsar: & Multiple Pulsars + Dark Matter: &

Need&more&data:&extend&at&higher&energies,&increase&precision&

Higher&level&of&anisotropy&in&the&arrival&direcIon&of&e+&and&eU&is&expected&from&Pulsars&wrt&DM&&
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Data taking to 2024, will allow to explore anisotropies of 1%$

Anisotropy on e+/e- : Projected dipole measurement 

C1 is the dipole moment 

The anisotropy in galactic coordinates&
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Anisotropy$of$e+/e8$
Arrival&direcIons&of&electrons&and&positrons&are&used&to&build&a&sky&
map&in&galacIc&coordinates(b,l):&
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Pulsars$

AMS02$sensi,vity$in$case$of$isotropic$flux$

Current$value$

With$the$current$data$fluctua,ons$of$
$the$positron$ra,o$e+/e−$are$isotropic.$
$

δ≤0.013$at$95%$CL$



Astrophysical sources: & Astrophysical sources + Dark Matter: &

Di&Mauro&et&al,&JCAP05&(2016)&031&&

Possible$interpreta,ons$of$the$positron$excess$

AMS&(2014)& AMS&(2014)&

AMS&p&and&He&fluxes&are&used&to&esImate&secondary&positrons&from&collision&of&cosmic&rays&
Global&fit&of&the&model&to&the&AMS&e+,&eU,&(e+&+&eU)&fluxes&and&positron&fracIon.&

The&measurement&of&positron&flux,&electron&flux,&(e+&+&eU)&flux&&and&positron&fracIon&make&
possible&accurate&comparisons&with&various&DM&models&and&astrophysical&models&



Possible$explana,on$for$the$positron$excess:$
propaga,on$of$secondaries$(example$of$a$model)$
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Cowsik’s$model$predicts$fla`ening$of$B/C$$
at$high$rigidi,es$(R>200$GV).$

Collision$of$ordinary$CR$
$(Moskalenko,$Strong)$

Cowsik$et$al.$Ap.$J.$786$(2014)$124$

Simultaneous$fit$to$all$relevant$CR$species$is$the$key$to$success&

PRL&111,&231102&(2016)&&

in$conflict$with$the$AMS02$B/C$data$



AMS$an,proton$iden,fica,on$
proton$an,proton$

Number&of&anIproton&from&2D&template&fit&&&&

TRD&to&reject&e+& Tracker&to&idenIfy&charge&sign:&

β&&to&separate&light&from&heavy&parIcles:&&



Measurement$of$an,proton8to8proton$ra,o$
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PRL&117,&091103&(2016)&&&
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349 000 antiproton events 
2 420 million proton events 

AnIproton&to&proton&raIo&is&energy&independent&above&60&GV&



An,proton8to8proton$ra,o$
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AnIproton&are&assumed&to&be&secondary&CR,&produced&in&collision&of&primaries&with&the&ISM&&
flatness&of&anIUp/p&raIo&indicates&an&excess&of&anIprotons:&&

Signal&from&Dark&Ma`er&annihilaIon&or&decay?&

PRL$117,$091103$(2016)$$$

SIll&many&uncertainIes&on&anIproton&producIon&in&the&ISM:&
&&&&&&need&a&be`er&understanding&of&primary&CR&spectra&at&sources,&propagaIon&model&&
&&&&&&and&crossUsecIons&
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AMS$PRL$117,$091103$(2016)$$$

Unexpected$Result:$the$Spectra$of$e+,$p,$p$$
have$iden,cal$energy$dependence$above$60$GeV$&



Unexpected$Result:$The$Spectra$of$e+,$p,$p$$
have$iden,cal$energy$dependence$above$60$GeV$e8$does$not$
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PRL&117,&091103&(2016)&&&

As$expected$electrons$suffer$energy$loss$by$synchrotron$radia,on$
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Why$positrons$behave$differently?$Again$an$hint$of$an$addi,onal$source$of$e+$



Conclusions$
In the past hundred years, balloons and satellites have measured charged 

cosmic rays with ~30% accuracy. 
 

AMS is providing cosmic ray information with ~1% accuracy 
questioning the current cosmic-ray models of acceleration and propagation 

through the Galaxy: 
 

•  Positron$and$electron$fluxes$require$an$addi,onal$source$of$high$energy$e+$and$e8$
•  An,proton$to$proton$flux$ra,o$is$flat$from$60$GV$to$450$GV$
•  Iden,cal$flux$behaviour$of$protons,$positrons$and$an,protons$from$60$GV$to$450$GV$
•  Hardening$of$proton,$Helium$and$Lithium$nuclei$fuxes$at$~300$GV$
•  Proton$to$Helium$flux$ra,o$decreases$with$energy$

Need$a$comprehensive$model$to$ascertain$the$origin$of$secondary$CR$excess$as$well$as$$
$of$the$hardening$of$nuclei$spectra$

AMS$will$con,nue$to$take$data$un,l$2024,$to$provide$individual$fluxes$of$nuclei$up$to$Nickel,$
to$improve$measurement$of$rare$par,cles$at$high$energies$


