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The	AMS	Project	

How	it	will	fulfill	these	goals?	

•  Same concept (precision & capability) as the large state-of-the-art HEP detectors  
     [but: fitting into the space shuttle & no human intervention after installation] 
 

•  Operation in space, ISS, at 400km, no backgrounds from atmospheric interactions 
[extensive multi-step space qualification tests] 

 

•  Collection power: geometrical factor (≈ 0.5 m2sr) X  exposure time ( = ISS lifetime) 
[extensive calibration campaigns on ground] 

Par2cle	physics	detector	for	high	precision	CR	measurements	at	TeV	energy	

•  Large collaboration: 16 Countries, 60 Institutes and ~500+ Physicists 

Physics	goals	
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ü  Antimatter search (|Z|>1 anti-nuclei) 
ü  Dark Matter (light anti-matter & γ-rays) 
ü  Exotic signals?  
ü  Galactic CR astrophysics & γ-rays 
ü  Heliophysics (long-term modulation & SEP) 
ü  Magnetospheric physics & space radiation studies 

TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	

[à see presentation by S. Shael]	
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R      = p/Z, rigidity; important in magnetic spectrometry & CR astrophysics 
N      = Number of selected protons (helium) events in R,R+ΔR 
T      =  Effective exposure time above geomagnetic cut-off (s) 
ATot   = Total acceptance (m2 sr) including geom factor + efficiencies 
εTrig   = Trigger efficiency 

Φ(R) = N(R,R+ΔR)
εTrig(R)× ATot (R)×T (R)×ΔR

DifferenPal	flux	(m-2	sr	-1	s-1	GV-1)	

DATA/MC	check		
-		Compute	efficiencies	
-		InteracPon	studies	

SPECTRAL	UNFOLDING	
-		ResoluPon	modeling	
-		DeconvoluPon	algorithm	

Flux	Measurement	

NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	 TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	



MulPple	measurements	of	energy	
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TOF,	β	
Δβ/β	≈	1%	

RICH,	β	
Δβ/β	≈	0.05%	

Tracker,	R	=	p/Z		
MDR	≈	2TV	(p);	3TV	(He)		

ECAL,	E	
ΔE/E	(TeV	e±)	~	2	%	
ΔE/E	(TeV	p)	~	50	%	

Geomagne(c	cutoff,	R	
ΔR/R	≈	10%	up	~25	GV	
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Selection of Proton and Helium signals 
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Acceptance	
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Cross-secPons	for	proton	 interacPons	off	
detector	 material	 (C,	 Al)	 known	 to	 few	
percent	at	1	GV	and	1.8	TV.		
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New	method	to	determine	interacPons	from	ISS		
data	with	AMS	poinPng	in	horizontal	direcPon	

Helium	collisions	off	C	and	Al:	cross	secPon	
data	exist	only	below	10	GV	

Survival prob. L2 → L1 

L
1 

L
9 

He ID: L8-
L2 

Target 

Survival prob. L8 → L9 

L
1 

L
9 

He ID: L2-
L8 

Target 

ü  Based	on	our	MC	simulaPon	program.		
ü  Detector	response,	signal	digiPzaPon,	and	full	analysis	chain	simulated.	
ü  Data/MC	correcPons	and	several	data-driven	crosschecks	performed.	
ü  Role	of	interacPons:	flux	agenuaPon	in	the	detector	material	(C,	Al)	

Proton	acceptance	 Helium	acceptance	

~1%	<	200	GV	increasing	to	~2%	at	highest	rigidiPes	~0.6	–	1	%	systemaPc	errors	at	GV	–	2	TV		

NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	 TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	

[à see presentation by Q. Yan]	



p/He	fragmentaPon	studies:	3D	CAT	
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Unfolding	
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σ=1/MDR 

1/R 

Correc2on	of	bin-to-bin	migra2on		
	is	needed	due	to	the	finite	

tracker	resolu2on	
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Bin-to-bin Migration 

Unfolding 

Ni 
Ti εi Ai ΔRi 

Φi(Ri) = 

Resolution function 

Difference	between	different	unfolding	algorithms	gives	a	systemaPc	error	~0.5%	
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Tracker	resoluPon	
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Protons:	
•  ResoluPon	funcPon	from	MC	simulaPon	
•  Verified	with:	

•  400	GeV/c	Test	Beams	data	
•  ISS	data:	tracker	residuals,	rigidity	

reconstrucPon	(L1-L8)	vs.	(L2-L9)	
	

Helium:	
•  ResoluPon	funcPon	from	MC	simulaPon	
•  Verified	with	ISS	data:	

•  Tracker	residuals	
•  Rigidity	reconstrucPon	(L1-L8)	vs.	

(L2-L9)	

Uncertainty	on	the	flux	<	1%	below	300	GV	rising	to		3%	at	2	TV	
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Absolute	Rigidity	Scale	
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Two	contribuPons	to	the	uncertainty:	

1.   Residual	tracker	misalignment		(1/Δ ):	
checked	with	EECAL/RTracker	raPo	for	
electrons	and	positrons,	limited	by	the	
current	high	energy	positron	staPsPcs.	
Corresponding		flux	error:	2.5%	@1	TV.	

2.   Magne2c	field:		
	Mapping	measurement	(0.25%)	and	
	temperature	correcPons	(0.1%).	 		
	Flux	error:	less	than	0.5%	at	all	rigidity	
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300 million events 
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Helium	Flux	

12	

10 210 310

]
1.

7
 G

V
-1

 s-1
 s

r
-2

 [m
2.

7
R~
×

Fl
ux

 

0

0.5

1

1.5

2

2.5

3

Rigidity [GV]

310×

Fit to data 

Δγ=0	or R0= ∞ 	

50 million events 

NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	 TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	

Phys.	Rev.	Leg.	115,	211101	



) [GV]R~Rigidity (
10 210 310

]
1.7

 G
V

-1
se

c
-1

sr
-2

  [
m

2.7 R~  ×
Fl

ux
 

0.5

1

1.5

2

2.5

3

3.5
310×

AMS-02(a)

)  [GeV/n]KKinetic Energy (E

1 10 210 310

]
1.7

(G
eV

/n
)

-1
se

c
-1

sr
-2

  [
m

2.7 K
 E×

Fl
ux

 

0

0.2

0.4

0.6

0.8

1

1.2
310×

AMS-02
ATIC-2
BESS-Polar
CREAM
PAMELA

(b)

) [GV]R~Rigidity (
210 310

]
1.7

 G
V

-1
se

c
-1

sr-2
  [

m
2.7 R~  ×

Fl
ux

 

1.6

1.8

2

2.2

2.4

2.6

2.8
3

310×

AMS-02
Fit to Eq. (3)

∞ =

 

0Eq. (3) with R
(c) 13	

Helium	Flux	VS	KinePc	energy	per	nucleon	

NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	 TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	



14	

) [GV]R~Rigidity (
10 210 310

p/
He

γ

-0.2

-0.15

-0.1

-0.05

0
(c)

) [GV]R~Rigidity (
10 210 310

p/
He

3
3.5

4
4.5

5
5.5

6
6.5

7
7.5

8
(b) AMS-02

Fit to Eq. (2)
PAMELA
BESS-Polar

) [GV]R~Rigidity (10 210 310
Sp

ec
tra

l In
de

x
-2.9

-2.8

-2.7

-2.6

-2.5

-2.4

-2.3
(a) AMS-02 He

AMS-02 protons

p/He	raPo	as	funcPon	of	rigidity	

NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	 TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	

0.077	+/-	0.007	
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Q(E) ≈ E−ν

K(E) ≈ Eδ

φ(E) ~Q /K ≈ E−(ν+δ )

DSA@SNRs:	power-law	(α~	2.0	–	2.2)	

QLT:	power-law	diffusivity	(δ~	0.3	-	0.6)	

Equilibrium	spectra	(E>>GeV)	

Basic	
predic(ons	

Proton	and	He	data		cannot	be	explained	by	standard	models	of	DSA	accelera(on	and	CR	transport.	

p/He	ra(o:	viola(on	of	universality	in	CR	accelera(on?	
§  Par7cle-dependent	injec7on		
§  Non-uniform	He	distribu7on	.	

homogenity	
isotropy	

sta(onarity		
linearity	

Physics	behind	p-HE	anomalies…?	

•  Non-linear	DSA	
•  Mach	number	7me-evolu7on	

•  Transport	in	CR-induced	turbulence	
•  Spa7al	dependent	diffusion	K(z,E)	

•  Local	SNR	+	Galac7c	ensemble	
•  Reaccelerated	CRs	in	weak	shocks	

§  Non-DSA	accelera7on	superbubbles	
§  Strong	unaccounted	spalla7on		
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•  Non-linear	DSA:	concavity	from	backreacPon	of	CRs	to	
the	shock	structure.	Ptuskin	2013	[1212.0381]	

	
•  Time-dependent	DSA	with	decreasing	speed	of	the	

shock	and	decreasing	Emax->	low-energy	steepening.	
	

à Decreasing	p/He	raPo	from	inhomogeneus		
						H/He	background	density	around	the	SN	

Ohira	et	al	2015	[1506.01196]	

•  Re-acceleraPon	of	pre-exisPng	CRs	from	(weak)	
expandig	shockwaves.	à	steep	LE	flux	contribuPon	

Q(E):	Revisited	CR	acceleraPon	

Young	SNR,	strong	shock	

Log	(E)	

Lo
g	
(F
lu
x)
	

Ptuskin	et	al.	2013	[1212.0381]	

Ohira	et	al.	2016	[1506.01196]	

Thoudam	&	Horandel	2013	[1308.1357]		
Ptuskin	et	al	2013	[1212.0381]	
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ü  Univeral	features	in	all	primary	and	in	S/P	ra7os	(pbar/p	&	B/C,	Li/C	ra7os)	
ü  Smaller	anisotropy	amplitude.	Connec7ons	w/	γ-ray	gradient	
X  p/He	ra7o	anomaly	not	addresed.	[à	ascribed	to	accelera7on]	
X  No	solu7on	for	the	positron	excess	[ànearby	source	of	HE	e+e-]	
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The	 transiPon	 betwen	 CR	 propagaPon	 in	
their	 own	 generated	 turbulence	 and	 pre-
exisPng	is	seen	as	a	feature	at	E~300	GeV.		

Shallower	 CR	 propagaPon	 in	 proximity	 of	 the	
GalacPc	 plane.	 Two	 diffusive	 propagaPon	 zones	
characterized	by	different	diffusion	properPes.	

NT	2015	[1509.05775]	

K(E):	Revisited	CR	propagaPon	
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Bernard	et	al	2013	[1207.4670]	
Thoudam	&	Horandel	2013[1304.1400]	
Erlikin	&	Wolfendale	2012	[.]	

GeV-TeV:	Steep	flux	of	GalacPc	<SNRs>	
TeV-PeV:	Hard	flux	from	local	young	SNR	

With	extra	sources,	all	anomalies	in	charged	CR	spectra	can	be	explained.	
No	clear	predicPons	for	secondary/primary	raPos.	ImplicaPons	for	DGE	emissions.	

GeV-TeV	Steep	spectrum	from	local	SNRs	
TeV-PeV:	Hard	flux	of	GalacPc	<SNR>	ensemble	
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Many	unknowns	---	Fine	tuning	---	Loose	predic7vity	

Kachelriess	et	al	1504.06472	

NT	2015,	1511.04460	

Nearby	sources,	but	where?	

ImplicaPons	for	O/Fe	 NT	2015,	1509.05774	

ExplanaPon	for	p/He	

TeV	anisotropy	signatures	 Kachelriess	et	al	1505.02720	

Bernard	et	al	2013	[1207.4670]	
NT	&	Donato	2015		[1502.06150]	

proton	

helium
	



Conclusions	
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High	staPsPcs,	extensive	studies	of	the	systemaPcs,	cross-checks,	independent	analyses.		
AMS-02	has	measured	proton	and	Helium	at	0.5	GeV	-	2	TeV/nucleon	of	kinePc	energy	

ü  A	smooth	spectral	change	in	both	fluxes	has	been	reported	(“happy	ending”)	
ü  The	p/He	raPo	above	~40	GV	of	rigidity	decreases	steadily	as	power-law	

ExplanaPons	may	 require	 a	 revisitaPon	 of	 CR	 acceleraPon,	 diffusive	 propagaPon,	 or	
the	inclusion	of	mulPple	sources	contribuPng	to	the	observed	flux.		

Secondary/primary	data	from	AMS-02:	

•  B/C	raPo	does	not	harden		
•  Li/C	raPo	seems	to	harden	
•  Pbar/p	raPo	flaqens	

:-/	
It	is	not	clear	if	a	consistent	picture	is	emerging.	MulP-TeV	nuclear	data	may	be	crucial	

NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	 TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	

[à talks by S. Shael, Q. Yan, A. Bachlechner]	
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AMS-02 results and interpretations 

Protons	and	helium	fluxes	in	cosmic	rays	
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The	AMS	Project	

Project timeline 
1994	CONCEPT	

1997		
AMS-01	
PROTOTYPE	

1998:	STS-91	

2000	@CERN	
AMS-02	CONSTRUCTION	

				2008	
@CERN	
SC	MAGNET	
BEAM	TEST	

2010	
TVT	@	ESA	(NL)	

2010	
@CERN		
SC	->	PM	
NEW	BEAM	TEST	

2011		
@KSC	
INTEGRATION	&	CR-μ	RUN	

MAY	2011	
STS-134	
FLIGHT	

ON	THE	ISS	

•  16 countries 
•  60 institutes 
•  500+ physicists 
•  20 years 

AMS Collaboration 

à Steadily taking data on the ISS since May 19th 2011 22	

X
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•  Proton	
•  Helium	
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•  ISS	Z=2	data	
•  MC	Simula7on	

εTrig =
NPhys

NPhys +100 ⋅NMinBias

Trigger	 efficiency	 es7ma7on	
can	 be	 done	 using	 flight	 data,	
thanks	 to	 a	 event	 sample	
collected	 with	 a	 dedicated	
minimum-bias	trigger.	

Trigger	Efficiency	 Ni 
Ti εi Ai ΔRi 

Φi(Ri) = 

TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	
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Rigidity [GV]
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Exposure	Time	 Ni 
Ti εi Ai ΔRi 

Φi(Ri) = 

Exposure	7me	“above	cutoff”	is	func7on	of	rigidity		
It	depends	on	the	ISS	orbit	along	the	geomagne7c	field	
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θ	

Time	 dependence	 of	 the	 high-energy	 flux:	 at	 R>45	
GV	no	observable	effects	from	solar	modulaPon.	This	
verifies	that	the	detector	performance	is	stable.	

Angular	 dependence	 of	 measured	 flux	
at	 R>45	 GV:	 to	 verify	 the	 systemaPc	
error	assigned	to	the	acceptance.	

Flux	 reconstrucPon	 in	 different	 TOI	 entry	 regions	
of	 the	 acceptance.	 VerificaPon	 of	 errors	 assigned	
to	the	tracker	alignment.	

Measured	 flux	 using	 inner	 tracker,	 i.e.,	 with	 a	
different	 resoluPon	 and	 MDR.	 This	 verifies	 the	
errors	 on	 rigidity	 resolu2on	 func2on	 and	
unfolding	procedure	
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Time	 dependence	 of	 the	 high-energy	 flux:	 at	 R>45	
GV	no	observable	effects	from	solar	modulaPon.	This	
verifies	that	the	detector	performance	is	stable.	

Measured	 flux	 using	 inner	 tracker,	 i.e.,	 with	 a	
tracker	pagern	of	different	rigidity	resoluPon	and	
MDR.	 This	 verifies	 the	 errors	 on	 rigidity	
resolu2on	func2on	and	unfolding	procedure	

Measured	 flux	 using	 different	 tracker	 pagerns	
(inner-tracker+L1)	with	a	different	resoluPon	and	
MDR.	 This	 verifies	 the	 errors	 on	 rigidity	
resolu2on	func2on	and	unfolding	procedure	

VerificaPons:	Helium	
θ	

Angular	 dependence	 of	 measured	 flux	
at	 R>45	 GV:	 to	 verify	 the	 systemaPc	
error	assigned	to	the	acceptance.	
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The	spectrum	cannot	be	described	
by	a	single	power-law	funcPon.	We	
obtain	a	good	descripPon	using	a	
double	power-law:	
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γ	=	d	[log(Φ)]/	d	[log(R)]		 criPcal	rigidity	

low-rigidity	slope	

delta-slope	

The	detailed	 variaPon	of	 the	high-
energy	flux	can	be	characterized	by	
measuring	the	log-slope.	As	shown,	
the	 proton	 flux	 experiences	 a	
progressive	 hardening	 above	 ~100	
GV	of	rigidity.	
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Proton/Helium	Flux	RaPo	

31	

10 210 310

pr
ot

on
/H

e 
flu

x 
ra

tio

3

4

5

6

7

8

Rigidity [GV]

 Φp/ΦHe = C Rγ 

Consistent with a single 
power law above 45 GV 

TEV	PARTICLE	ASTROPHYSICS	CONFERENCE–	CERN	-	SEP	2016	NICOLA	TOMASSETTI		-		PERUGIA	UNIVERSITY	&	INFN	



Helium	Spectral	Index	

32	

10 210 310

Sp
ec

tr
al

 In
de

x

-2.9

-2.8

-2.7

-2.6

-2.5

-2.4

-2.3

Rigidity [GV]

He
Proton

	

γ	=	d	[log(Φ)]/	d	[log(R)]		



Proton	&	Helium	Spectral	Indices	
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Proton/Helium	RaPo	Spectral	Index	
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Constant above 45 GV 
 
γp/He= -0.077±0.0073 
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Helium	Flux	VS	rigidity	



Low-Energy He spectrum  and solar modulation 
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Non-linear	CR	transport	in	self-induced	turbulence	

Self-induced	(CR-driven)	and	pre-exis2ng	(SNR-generated)	turbulence	

ü  FlaOening	in	all	nuclei	and	sec/pri	ra2os	
ü  Low	energy	Voyager-1	data.	
ü  B/C	seems	to	require	an	addi2onal	primary	component	102
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à  Diffusion	to	CR-induced	turbulence	at	E	~1-300	GeV	
à  Advec2on	to	CR-generated	Alfvèn	waves	at	E	<1	GeV		
à  Diffusion	to	pre-exis2ng	turbulence	at	>300	GeV	

protons	

B/C	ra2o	

R.	Aloisio	et	al.	1507.00594;	P.	Blasi	et	al.	1207.3706		



New	phenomena	in	cosmic-ray	propagaPon?	
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Diffusion	coefficient	is	not	separable	into	energy	and	space	coordinates	à	no	power-law	
Shallower	diffusivity	in	the	region	close	to	the	Galac2c	disk	à	high-energy	flagening	

ü  Predicted	flaOening	in	all	nuclei	and	sec/pri	ra2os	
ü  Enhanced	an2maOer	produc2on	at	high	energy	
ü  Connec2on	with	gamma-rays	and	anisotropy	

standard	model	

this	model	

this	model	

standard	model	

standard	model	

this	model	

this	model	

NT,	PRD	2015;	arXiv:1509.05775	

Proton	Flux	

this	model	

NT,	1204.4492	(2012);		NT,	1509.05775	(2015)		

NT,	PRD	2015;	arXiv:1509.05775	
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New	[nearby-SNR]	components	in	the	CR	spectrum?	
•  Nearby	source	component	for	the	GeV-TeV	flux	(and	e+	excess)	

	Must	have		Rmax~TeV	and	secondary	produc7on	(B~1uG,	n>n_ISM,	v~10^7	cm/s	à	OLD	SNR	

•  Galac7c	SNR	ensemble	
	Must	have	Rmax~PeV:	B~500uG,	v~10^9	m/s	à	YOUNG	SNRs			

ü  Connec2on	between	hadron	spectra	and	positron	excess	
ü  Predicted	features	in	heavy	nuclei:	explana2on	of	C/Fe	and	O/Fe	
ü  Connec2on	with	p/He	ra2o	anomaly?	[NT	in	preparaPon]	[Kachelriess	et	al.	1504.06472	(2015)]	

SNR	en
semble	

From	p-p	interac7ons		
inside	local	old	SNR	

NT	&	F.	Donato	ApJ	L	2015	
Mertsch	&	Sarkar	PRD	2014	

NT	PRD	2015	

positron	flux		

[NT	&	F.Donato,	1502.06150	(2015)]	
[NT,	1509.05774	(2015)]	

this	m
odel	

two	SNR	
components	
in	the	CR	flux	

proton	flux	
Unexplained	rise	in	ATIC2	data	of	C/Fe	and	O/Fe	NT	&	F.	Donato	1502.06150	(2015)	
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p/He	raPo:	two	general	consideraPons	on	the	CR	spectrum	

1.  The	data	at	mulP-TeV	energy	do	not	 show	
evidence	 of	 p/He	 decreasing.	 The	 p/He	
raPo	at	high-energy	is	essenPally	constant.	

This	 trend,	 if	 confirmed,	 will	 invalidate	
the	 exis2ng	 explana2ons	 based	 on	
intrinsic	proper2es	of	the	DSA	mechanism	

The	 AMS	 data	 indicate	 that	 the	 proton	
spectral	 change	 is	 much	 smoother	 than	
that	 repor ted	 by	 PAMELA.	 The	
differenPal	 slope	 hardens	 progressively	
at	E>100	GV,	without	any	spectral	kink.	
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This	 invalidates	 the	 usual	 considera2ons	
that	 the	 p/He	 ra2o	 “cancels	 out”	 the	
features	of	the	single	p	and	He	spectra.	

The	p/He	ra2o	seems	rather	a	~10-1000	GV	feature,	vanishing	at	higher	energies		

2.	
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Aguilar	et	al.	2015	
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p/He	raPo	anomaly	as	signature	of	a	nearby	source	
The	idea.	Two	different	classes	of	sources	
contribute	 to	 the	 CR	 flux.	 Each	 class	 has	
different	spectra	and	composiPon.	

Low-energy	flux	(GeV-TeV	energies)	
Nearby	old	SNRs.	The	shock	is	weaker,	the	B-field	
are	damping,	the	DSA	is	not	efficient		
à	The	injec2on	spectra	may	be	steeper	
Higher	background	density	for	p+p	interacPons	(to	
explain	the	e+	excess),	e.g.	due	a	molecular	cloud	
à	It	may	be	well	a	hidrogen-rich	source	

High-energy	flux	(TeV-PeV	energies)	
Galac2c	 SNR	 ensemble.	 Younger	 SNRs,	 with	
stronger	shock	and	B-field	amplificaPon		
à	Efficient	DSA	woring	up	to	PV	rigidiPes.		
à	Hard	acceleraPon	spectra:	slope	~2-2.1.	
ComposiPon	=	average	GalacPc	SNRs	properPes	

ü  Single	p	&	He	spectral	hardening	->	signature	of	transi2on	to	different	DSA	spectra	
ü  pHe	ra2o	->	signature	of	transi2on	to	different	composi2on	of	H	&	He	in	the	medium	

Each	class	of	source	has	elemental-independent	spectra	à	the	DSA	universality	is	preserved	41	
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p/He	raPo:	two	general	consideraPons	on	the	CR	spectrum	


