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Collisions	of	dark	matter	particles	(ex.	neutralinos)	may	produce	a	signal	of		e+,	p,	d,	…	that		
can	be	detected	above	the	background	from	the	collisions	of	primary	CRs	on	interstellar	medium	
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To study the significance of the 1=Es measurement we
varied all six fit parameters to find the regions in six-
dimensional (6D) parameter space corresponding to the
confidence levels from 1 to 5σ with a step of 0.01σ. As
an example, the insert in Fig. 4 shows projections of the 6D
regions of 1σ (green line, 68.26% C.L.), 2σ (black line,
95.54% C.L.), 3σ (blue line, 99.74% C.L.), and 4σ (red line,
99.99% C.L.) onto the plane of parameters (1=Es − Cs).
Detailed analysis shows that a point where the parameter
1=Es reaches 0 corresponds to a confidence level of 4.07σ;
i.e., the significance of the source term energy cutoff is
established at more than 4σ, or that the positron flux in the
entire energy range cannot be described by a sum of two
power-law functions at the 99.99% C.L.
An analysis of the arrival directions of electrons and

positrons was presented in Ref. [1]. A similar analysis was
performed using the positron data of this Letter [37]. The
positron flux is found to be consistent with isotropy; the
upper limit on the amplitude of the dipole anisotropy is
δ < 0.019 at the 95% C.L. for energies above 16 GeV.
In conclusion, we have presented the precision measure-

ments of the positron flux from 0.5 GeV to 1 TeV, with a
detailed study of systematic errors based on 1.9 million
positrons. The positron flux shows complex energy depend-
ence. Its distinctive properties are (a) a significant excess
starting from 25.2! 1.8 GeVcompared to the lower-energy
trends, (b) a sharp dropoff above 284þ91

−64 GeV, (c) in the
entire energy range the positron flux is well described by the
sum of a diffuse term associatedwith the positrons produced
in the collision of cosmic rays, which dominates at low

energies, and a new source term of positrons, which
dominates at high energies, and (d) a finite energy cutoff
of the source term of Es ¼ 810þ310

−180 GeV is established with
a significance of more than 4σ. These experimental data on
cosmic ray positrons show that, at high energies, they
predominantly originate either fromdarkmatter annihilation
or from other astrophysical sources.
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FIG. 4. The fit of Eq. (4) (green line) to the positron flux in the
energy range [0.5–1000] GeV together with the 68% C.L. interval
(green band). The exponential cutoff of the source term is
determined to be 810þ310

−180 GeV from the fit. The red data points
represent the measured positron flux values scaled by Ẽ3. The
source term contribution is represented by themagenta area and the
diffuse term contribution by the gray area. The insert shows
projections of the regions of 1σ (green contour),2σ (black contour),
3σ (blue contour), and 4σ (red contour) significance of the 1=Es
measurement onto the plane of parameters 1=Es − Cs (see text).
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Indirect	Search	of	Dark	Matter:	Positrons	
Collisions	of	dark	matter	particles	(ex.	neutralinos)	may	produce	a	signal	of		e+,	p,	d,	…	that		

can	be	detected	above	the	background	from	the	collisions	of	primary	CRs	on	interstellar	medium	
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Indirect	Search	of	Dark	Matter:	Anti-Protons	

comparison between THM and OHMmodel predictions, as
the latter decreases steadily at rigidity above ∼10 GV. In
comparison with secondary to primary nuclear ratios, the
absence of a clear spectral change in the p=p ratio is
connected to the particular shape of the antiproton source
term. In contrast to secondary matter nuclei, which carry
about the same kinetic energy per nucleon of their
progenitors, the antiproton production is characterized by
broad energy distributions and large inelasticity factors.
The green shaded band around the THM calculation
includes various sources of uncertainty. These uncertainties
are reviewed in the bottom panel of the Fig. 6, showing the
contributions from injection and propagation, production
cross sections, and solar modulation. In principle, the CR
propagation parameter uncertainties are already included
the solar modulation uncertainties, because they have been
accounted for in the MCMC procedure. However, charge-
sign and mass-dependent solar modulation effects are in
general expected due to particle drift or adiabatic losses

of CRs in the heliosphere, that are unaccounted by the
force-field model. Hence, the use of CR proton data does
not provide safe constraints on the solar modulation of
antiprotons. Following Giesen et al. [15], we have varied
the solar modulation potential from 200 to 700 MeV to
estimate this error. This estimate encompasses the level
modulation asymmetry between protons and antiprotons
that we have tested using the model of Cholis and Hooper
[45]. The solar modulation error is dominant at 1 GeV/n of
energy and becomes negligible at 15 GeV/n in comparison
with the uncertainties of the experimental data. A large
uncertainty factor comes from antiproton production cross
sections. The figure shows that the cross section contribu-
tion is 10% at 1 GeV=c and increases slowly with energy to
become 18% at about 1 TeV=c. The calculations of these
errors can be found in the Appendix. In the high-energy
region, errors are dominated by uncertainties in CR
injection and propagation parameters. In contrast to other
works [15], our fitting procedure leads to a unique
astrophysical uncertainty factor which includes the errors
from propagation effects and those induced by primary
nuclei. However, no appreciable correlation is found for the
two contributions. At kinetic energy above ∼100 GeV, this
uncertainty is at the level of ∼30%, and it is limited by the
experimental errors of the high-energy B/C ratio.
Parameters describing CR injection spectra of protons
and He are better constrained with the existing data,
although their contribution to the total p=p uncertainty
band becomes non-negligible at high energies. In summary,
under our scenario of spatial-dependent CR propagation,
the predictions for the p=p ratio appear to be fairly
consistent with the AMS-02 data, within the present level
of uncertainty, showing no striking evidence for an anti-
proton excess. We note, nevertheless, that the dominant
contribution to the uncertainties is related to CR propaga-
tion. Hence, the situation will become more transparent
with the availability of precise B/C data at TeV/n
energies [2].

F. Positrons

Similarly to antiprotons, secondary positrons are gen-
erated by collisions of CR hadrons with the ISM. Thus, we
consider the absolute flux of CR positrons rather than
positron fraction eþ=ðe− þ eþÞ, because it permits avoiding
further assumptions on the injection spectrum of primary
electrons. The predicted flux of secondary positrons is
shown in the top panel of Fig. 7. The black solid line
represents the THM model calculations under the best-fit
parameter set, while the shaded band is the corresponding
total uncertainty. The positron flux predicted by our model
is significantly harder than that arising from the OHM
setting. The main reason for this difference is that CR
positrons detected at Earth have spent a large fraction of
their propagation time in the region close to the Galactic
disk. Given the shallow diffusion of CRs in the inner halo,
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FIG. 6. Top: p̄=p ratio as function of kinetic energy. Model
calculations are shown in comparison with new data from
AMS-02 [10] and PAMELA [6]. The solar modulation level is
set to ϕ ¼ 500 MV. The production cross sections are evaluated
using the MC generator EPOS LHCmodel [46]. Bottom: estimated
uncertainties for the p̄=p ratio arising from CR injection and
propagation, production cross sections, and solar modulations.

FENG, TOMASSETTI, and OLIVA PHYSICAL REVIEW D 94, 123007 (2016)

123007-10

G.	Giesen	et	al.,	JCAP09	(2015)	023	 J.	Feng,	N.	Tomassetti	&	AO,	Phys.	Rev.	D	94	(2016)		

•  Large	uncertainity	from	p	cross	section	knowledge:	
1.  new	measurements	available	(LHCb)	and	others	are	foreseen.		
2.  better	modeling	of	p	production	(M	Winkler,	JCAP07	(2017)	048,	…)	

•  Uncertainity	on	propagation	can	be	reduced	using	AMS-02	data	(but	again	we	miss	
some	cross	section	relevant	for	cosmic	rays	nuclei)	

à	See	P.	Zuccon	presentation.	
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+	Very	low	background	at	low	energy	for	indirect	search	of	Dark	Matter.	
–	Very	low	flux,	high	rejection	to	other	species	needed:	d/p	<	10-4,	d/p	<	10-9,	d/e–	<	10-6	

Anti-deuteron	have	never	been	observed	in	cosmic	rays.	
In	7	years	of	data	taking	we	collected	over	120	billion	events,	

of	which	more	than	10	billions	proton,	and	100	million	deuterons.		
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Collisions	of	CRs		
K.	Blum	et	al.,	Phys.	Rev.	D	96	(2017)	103021		
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Anti-Deuteron	Flux	Limit:	BESS	Polar-II	

SC	Magnet	B	=	0.8T	
TOF	Δβ/β	=	2%	
JET	ΔR/R(R=1GV)	=	0.4%		
MDR	=	270	GV	
	

Acceptance	=	0.3	m2	sr	
Exposure	=	24.5	days		
Geomagnetic	cutoff	below	0.5	GV		

Flight status�
��Floating time  29.5 days (24.5days for data taking) 
��Flight Altitude ~36km 
��Cut-off rigidity ~0.2GeV/c (0.5GeV/c at most)�

���
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Upper limit on 
antideuteron flux  
measured by BESS-Polar 
II together with earlier 
published BESS97-00 
antideuteron upper limit  

J(d) < 5.9 x 10-5 

          (m2sr sec GeV/n)-1               
          (95%C.L.) 

•  Compared with the 
data taken in the solar 
minimum (BESS97), 
order of magnitude 
improvement has been 
achieved. 
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Has	given	the	best	upper	limit	on	anti-deuteron	flux:	J(d)<5.9×10-5	m-2s-1sr-1(GeV/n)-1	(95%	CL)	
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Multiple	and	Independent	Measurement	of	
Charge	(Z),	Energy	(β,	p,	E)	and	Charge	Sign	(±).	

Separates	hadrons	from	leptons,	matter	from	anti-matter	and	able	to	do	
CRs	chemical	and	isotopic	composition	in	GeV	to	TeV	range.		

AMS-02:	A	TeV	Multi-purpose	Spectrometer	



From	May	19th	2011	active	on	ISS,	operating	continuously	since	then.	
AMS	has	collected	>130	billion	cosmic	rays	in	8	years.	

With	such	a	statistics	the	most	rare	components	of	the	cosmic	rays	are	visible.	

AMS	is	expected	to	take	data	for	all	the	
ISS	lifetime	(now	projected	at	2024).	

AMS-02	On	Orbit	
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Tracker,	momentum	p,	
Δp/p	≈	10%	up	to	20	GV			

ToF,	velocity	β	
Δβ/β	≈	4%	×	β	

RICH,	velocity	β,	in	two	radiators	
NaF	radiator:	Δβ/β	≈	0.4%,	β>0.75	(ε=0.1)	
Aerogel	radiator:	Δβ/β	≈	0.1%,	β>0.96	(ε=0.7)	
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Collisions	of	CRs,	“RICH	Region”	
K.	Blum	et	al.,	Phys.	Rev.	D	96	(2017)	103021		

In	7	years	of	data	taking	we	collected	over	120	billion	events,	
of	which	more	than	10	billions	proton,	and	100	million	deuterons.		

We	expect	a	d	signal	

Event	Selection	
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Two	sources	of	background	are	events	reconstructed	with	wrong	sign	(ex.	events	with	a	
large	scattering	angle	in	inner	tracker),	and	events	reconstructed	with	wrong	mass	(ex.	

production	of	photons	from	secondaries	in	the	RICH	radiator)	
	

Likelihoods	based	on	response	of	detector	to	well	reconstructed	protons	are	able	to	clean	
up	from	most	of	this	bad	reconstructed	events.		

Z	=	+1	

Z	=	–1		
m	>	2.9	GeV	

Z	=	+1	
m	<	2.9	GeV		

Z	=	+1		
m	>	2.9	GeV	

Tracker	variables	mostly	control	the		
removal	of	events	with	wrong	sign	

Variables	of	RICH	mostly	control		
removal	of	events	with	wrong	mass	

RICH	Aerogel	
Ek	in	[2.5,	5.0]	GeV/n	

Background	



Data	Sample	(May	2011	–	May	2017):	TRD	–	Inner	Tracker	Acceptance	
41	×	109	events	selected	with	TOF	(β	>	0.5)	and	Tracker	|R|	>	0.8	

RICH	Aerogel	
Ek	in	[2.5,	5.0]	GeV/n	

Anti-Deuteron	Search	Status	



AMS	Monte	Carlo	program	simulates	electromagnetic	and	hadronic	interactions	
of	particles	in	the	material	of	AMS	and	generates	detector	responses.		

In	7	years,	more	than	10	billion	proton	and	100	million	deuteron	cosmic	ray	
were	collected	by	AMS.	An	equivalent	of	100	billion	of	proton,	deuteron	and	
antiproton	events	in	the	rigidity	range	0.5-100	GV	need	to	be	simulated.	

At	a	signal	to	background	ratio	of	one	in	one	billion,	a	detailed	understanding	of	
the	instrument	is	required.	Eventually	this	will	provide	the	best	rejection	and	will	
allow	the	determination	of	the	amount	of	remaining	background.	

AMS-02	Anti-Deuteron	Simulation	



More	on	Heavy	Anti-Matter	Search	

It	is	one	of	the	original	purposes	of	AMS-02	

As	of	today	a	experimental	evidence	of	the	mechanisms	required	for		
matter/anti-matter	asymmetry	(strong	CP	violation,	proton	decay,	…)	has	been	found.	

Neither	has	a	single	anti-nucleus	been	seen	in	cosmic	rays.	
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Tracker,	momentum	p,	
Δp/p	≈	10%	up	to	20	GV			

ToF,	velocity	β	
Δβ/β	≈	2%	×	β	

RICH,	velocity	β,	in	two	radiators	
NaF	radiator:	Δβ/β	≈	0.25%,	β>0.75	(ε=0.1)	
Aerogel	radiator:	Δβ/β	≈	0.07%,	β>0.96	(ε=0.7)	
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Anti-Helium	Search	Status	
Anti-helium	is	a	“golden”-channel,	there	is	no	p,K,π	contamination,	|Z|	is	well	separated,	and	
rigidity	resolution	is	better	than	|Z|=1	particles	(MDR	=	3.2	TV).	

Date:	2011-269:11:19:32	

|Z|	=	1.97	±	0.05	
Momentum	=	-33.1	±	1.6	GeV/c	
Mass	=	2.93	±	0.36	GeV/c2	

Mass/M(3He)	=	1.04	±	0.13	

Y	

Z	

X	



Anti-Helium	Search	Status	

Currently,	AMS	observed	8	anti-helium	candidates		
(mass	region	from	0-10	GeV/c2)	with	rigidity	<50	GV	with		
respect	to	a	sample	of	700	million	helium	events	selected.	

	
	

The	rate	of	anti-helium	is	about	1	in	100	million	helium.		
	
	

Six	candidates	are	in	the	mass	region	of	3He	and		
two	in	the	mass	region	of	4He.	

	
	

More	events	are	necessary	to	augment	the	significance	and		
ensure	that	there	are	no	backgrounds.	



Anti-Nuclei	Search	Status	

Study	of	Anti-Carbon	and	Anti-Oxygen	can	be	
carried	out	up	to	100	GV	(as	the	He)	in	a	wide	
acceptance.		
	
	
	
By	2024	we	will	have	more	than	100	million		
Carbon	and	Oxygen	to	study	anti-nuclei.			



AMS	has	been	operating	in	the	Space	Station	since	May	2011	performing	
precision	measurements	of	cosmic	rays	and	searching	for	dark	matter.	
	
With	the	unprecedented		statistics	and	accuracy	of	the	data,	AMS	has	an	unique	
capability	to	detect	antimatter	in	cosmic	rays.	


