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Mul:	messenger	astronomy	
Charged	Cosmic	Rays	à	since	~100	years	
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Photons	à	since	ever	

Gravita:onal	Waves	à	since	few	weeks	Neutrinos	à	since	few	years	
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Charged	Cosmic	Rays	with	Space	Experiments	
•  Cosmic	Rays	with	space	experiments	probe	the	local	galaxy	
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The	physics	of	charged	cosmic	rays	
•  Understand	the	mechanisms	of	produc:on	and	propaga:on	

of	CR	in	the	galaxy:	interes:ng	per	se	and	to	understand	
astrophysical	background	to	exo:c	sources	

•  Dark	MaZer	(DM)	in	the	WIMP	regime:	DM	annihila:on	in	
charged	(an:)par:cles	of	energy	1-1000	GeV	à	DM	masses	
of	tens	of	GeV	to	few	TeV	(depending	on	abudance,	decay	
channel,	couplings,	...).		

•  An:	MaZer	(AM)	direct	search	through	an:-Helium-4		
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Why	Cosmic	Rays	in	Space	Experiments	

ª Sensi&ve	to	“primary”	CR	component	(i.e.	before	interac:ng	
with	earth	atmosphere)	

ª A	higher	precision	on	energy	and	on	chemical	composi&on	can	
be	reached,	wrt	ground	exp.	

ª With	magnet	à	sensi&vity	to	an&-par&cles	
ª Compared	to	balloons:	long	period	of	con:nuos	data	taking	

à	increased	sta:s:cs,	but	also	a	beZer	control	of	systema:cs	

-  Limited	mass	
-  Limited	geometrical	acceptance	
-  Large	cost	
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Magne:c	Spectrometers	vs	Calorimeters	

•  magne:c	spectrometers:	access	
to	an:-par:cles	(relevant	for	
DM	and	AM	searches)	

•  calorimeters:	maximize	
acceptance	(important	because	
of	steeply	falling	CR	spectrum)	
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AMS02	has	access	to	many	channels	
•  positron	frac:on	and	anisotropy	
•  positron	and	electron	flux	
•  total	electron+positron	flux	
•  proton	and	helium	flux	
•  an:-proton	to	proton	ra:o	
•  an:-proton	flux	
•  B/C	ra:o	
•  B,	C	fluxes	
•  Li	and	O	fluxes	
•  other	elements	(Be,	Be/B,...)	and	isotopes	(3He/4He)	
•  deuterons	
•  an:-deuterons	and	an:-helium	(3He	and	4He)	
•  Heavier	ions,	....	
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Main	sources	of	systema:cs	
•  No	:me	to	discuss	analyses	à	3	relevant	issues:	
1.   electrons,	positrons.	ep-separa:on	=	discrimina:on	between	

em	par:cles	and	the	much	more	abundant	hadronic	(mostly	
proton)	component	

2.   an)-par)cles.	Charge	Confusion	=	probability	of	measuring	
the	wrong	sign	of	the	charge		("nega:ve	protons",	"posi:ve	
electrons",	...)	

3.   nuclei.	Z	iden:fica:on	and	fragmenta:on	inside	the	detector	
(ZàZ-1,	Z-2,	...)	whose	probability	increases	with	Z:		

•  He	=	14%	
•  C				=	40%	
•  Fe		=	70%	
(N.B.:	ECAL	not	included	in	fragmenta:on	probability)	
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ep-separa:on	
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Three	detectors	to	separate	e±	from	hadrons	
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Charge	confusion	
•  2	sources	of	Charge	Confusion	(CC):	

–  Rigidity	resolu:on:	MDR	(Maximum	Detectable	Rigidity)	=	
Rigidity	at	which	the	error	on	Curvature	(k=1/R)	is	100%	
(p=1.8	TeV	for	protons,	p=3.3	TeV	for	Helium).		

•  This	is	a	"hard	wall",	but	its	effect	on	CC	decreases	
rapidly	as	you	move	down	in	Rigidity	(gaussian	
distribu:on	in	k)	

– Mul:ple	ScaZering:	much	more	important	at	all	rigidi:es	
•  normally	it	has	addi&onal	features:	extra	secondary	hits	
in	Tracker,	higher	ac:vity	in	TOF	counters	due	to	
emiZed	radia:on,	...		

•  possible	to	build	a	classifier	which	separates	an&-
protons	from	nega&ve	protons,	or	positrons	from	
posi&ve	electrons		
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Separa:ng	pbar	from	p	and	e-	background	
•  CC-separa&on	and	ep-separa&on	es&mators	(based	on	BDT)	are	

built;	a	2D	plane	is	formed	on	which	cuts	are	applied	
•  Below	is	an	example	of	each	es:mator	a.er	cuqng	on	the	other		
•  Good	separa:on,	but	residual	proton	background	is	non	negligible	
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CC	separa&on	es:mator	 ep	separa&on	es:mator	
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Fragmenta:on:	example	with	Lithium	
•  Use	Layer	1	to	determine	original	charge	
•  Exploit	redundancy	to	observe	fragmenta:on	
•  (similar	effects	in	Boron	analysis)	
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Results	
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p	and	He	fluxes	
•  proton	and	Helium	fluxes	show	2	puzzling	features:	a	(so.)	

break	at	similar	rigidi:es	(~200-300	GeV)	and	a	spectral	index	
which	differs	by	~0.1	in	a	large	energy	range	

•  Some	possible	reasons:	
–  accelera:on	in	SNR	
–  propaga:on	in	ISM	
–  local	or	distance	sources	
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Lithium	and	B/C	

•  However	a	similar	break	at	a	
similiar	Rigidity	is	observed	
also	in	Li,	a	secondary	species	

•  Maybe	a	component	of	
secondaries	and	primaries	are	
accelerated	together	inside	
SNR	shocks?	

•  A	similar	break	is	expected	also	
in	Carbon,	but	not	necessarely	
at	the	same	Rigidity	

•  B/C	ra:o	smooth	à	need	to	
look	at	single	fluxes	
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Break	in	the	spectrum,	p/He	and	e±	

19	

•  The	p/He	spetrum	is	featureless	
•  Indicate	the	same	(unknown)	

mechanism	works	for	p,	He	and	
possibly	higher	charges	

•  What	about	e?	
•  Break	not	evident	in	e-	
•  Not	enough	sta:s:cs	in	e+	
•  Concave	spectra	with	addi:onal	

component	at	~30	GeV	

(lines	are	just	to	guide	the	eye)	

Break	in	
p,	He	
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Energy	losses	of	electrons:	
•  a	cutoff	is	expected	in	e±	

spectra	due	to	losses	in	
propaga:on	

•  the	cutoff	shape	at	High	
Energies	will	tell	about	the	
distance	to	the	sources	
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What	about	the	positron	frac:on?	
•  As	observed	by	previous	experiments,	mostly	by	Pamela,	the	

frac:on	of	positrons	starts	to	increase	above	~8GeV	
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Rise above a few GeV 

Flattening above 200 GeV 
 
 
 
 

       Relative error 
       on last point: 
       σstat = 19% 
       σsyst = 13% 

 

Is	the	rise	of	the	positron	frac:on	a	hint	of	DM?	
•  Above	200GeV	there	is	a	flaZening	in	the	spectrum	
•  Is	it	a	hint	of	Dark	MaZer?What	happens	above	500	GeV?	

(results	based	on	30	months	of	data	taking	from	19/05/11	to	26/11/13)		
•  )	
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15%	
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But	the	excess	can	be	due	to	standard	astrophysics	

1.  PULSARS:	e±	pairs	are	produced	by	
the	interac:on	of	energe:c	photons	
with	the	strong	magne:c	field	of	the	
neutron	star.	No	pp	pairs!	
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2.  RE-ACCELERATION	of	SECONDARIES:	secondaries	are	produced	inside	the	
shock-wave	of	a	SNR	and	boosted	to	higher	energies.	All	par:cles	(e,	p,	...).	

	Possible	explana:ons:	
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What	about	an:-protons?	
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•  no	rise	observed,	as	in	e+/e-	ra:o,	but	the	spectrum	is	flaZer	
than	expected	

•  precise	measurement	up	to	R=450	GeV;	hard	to	go	above.	



Example	of	a	fit	with	a	model		
op:mized	on	Pamela	data	
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Secondary production 
(optimized for PAMELA) 
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Disserta:on	/	PhD	Thesis					IEKP-KA/2014-20	
Simon	Kunz	(2014)	
hZp://ekp-invenio.physik.uni-karlsruhe.de/record/48605	



but	if	models	are	tuned	on	AMS	...	
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•  3	possible	
models:	
always	some	
tension	with	
data	but	no	
evident	effect	
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How	can	we	dis:nguish	among	many	models?	
	

•  Only	one	way:	make	precision	
measurements	in	many	channels!	

•  Models	will	have	to	explain:	
–  rise	and	flaZening	of	positron	frac:on	
–  break	at	~300	GeV	in	H,	He,	Li	
–  break	at	~30	GeV	in	e±	
–  flatness	of	pbar/p		
–  constant	slope	in	p/He	and	B/C	
–  absolute	fluxes	of	many	nuclei	
–  ...	

•  Example:	comparison	of	B/C	and	
positron	frac:on	data	with	one	
model	which	includes	re-accelera:on	
(Mertsch	et	al,	PR	D90	(2014)	)	

28	La	Thuile	2016	 Marco	Incagli	-	INFN	Pisa	



29	

Addi:onal	example:	slide	from	S.	Sarkar	talk	@	Cern	-	April,	2015	
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Is	there	s:ll	room	for	Wimp	Dark	MaZer?	
•  Definitely	yes;	we	have	the	duty	of	digging	well	into	our	data	

to	look	for	DM	signatures	as	a	magne:c	spectrometer	will	not	
be	soon	launched	in	Space!	

•  Calorimetric	experiments	(CALET,	DAMPE	and,	in	a	short	:me	
frame,	ISSCREAM)	will	provide	addi:onal	informa:on	to	
constraint	the	genera:on/propaga:on	of	standard	Cosmic	
Rays	
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What	about	An:maZer?	
•  The	search	for	an:-Helium	will	proceed	in	parallel	with	the	

an:-deuteron	analysis	
•  Both	an:-Helium	3	(possible	background	or	DM	signal)	and	

an:-Helium	4	(an:-stars)	will	be	stuied	
La	Thuile	2016	 Marco	Incagli	-	INFN	Pisa	



Conclusions	
•  With	AMS02	(partly	also	with	Pamela)	a	precision	era	
of	Charged	Cosmic	Ray	measurements	has	started	

•  WIMP	dark	maZer	is	not	ruled	out,	but	to	find	it	
many	subtle	effects	of	CR	genera:on	and	
propaga:on	must	be	kept	under	control	

•  Addi:onal	informa:on	on	CR	from	calorimetric	
experiments	(CALET,	DAMPE,	ISSCREAM)		

•  AMS	will	operate	for	few	more	years	and	it	will	be	
the	only	space	experiment	with	a	magnet	for	long	
:me	à	let's	get	the	most	out	of	it!	
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