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The dark side of Antideuterons
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Once upon a time, at the dawn of a new century, armed with a 
deep conviction that good papers need strong motivations ...



Once upon a time, at the dawn of a new century, armed with a 
deep conviction that good papers need strong motivations ...

Since we do not find compelling signals of dark matter, why 
not invent a new undetectable signal? That would be fun!





Clearly this will never work: a simple back of the envelope 
calculation shows that the expected rate of antiD production 
is 4 orders of magnitude smaller than antiP production.

Ok: we are at the dawn on a new century, but still ...

OK, wait



The low-energy window !
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Antiprotons vs. Antideuterons
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same spot every day. The AMS detector may be pictured as
a cylindrical magnetic field with diameter D!110 cm. At
any time, its axis points towards the local vertical direction.
The colatitude of the north magnetic pole has been set equal
to !!11°. At any given time t along the orbit, the geomag-
netic latitude ! of ISSA may be inferred from

sin!!sin! cos"#sidt $cos"#orbt"%$

"cos& sin! sin"#sidt $sin"#orbt"%$

"sin& cos! sin"#orbt"%$, "33$

where #sid and #orb , respectively, denote the angular veloci-
ties associated to the sidereal rotation of the Earth and to the
orbital motion of the space station. The phase % depends on
the orbital initial conditions and does not affect the result if a
large number of revolutions—typically 100—is considered.
The Earth is shielded from cosmic rays because its magnetic
field prevents particles from penetrating downwards. At any
given geomagnetic latitude !, there exists a rigidity cutoff
Rmin below which the cosmic-ray flux is suppressed. This
lower bound depends on the radius R of the orbit through

Rmin!
' !

R2
cos4 !

(2 , "34$

where ' ! denotes the Earth’s magnetic dipole moment and
' ! /R!

2 !60GV. The term (stands for

(!1"!1"cos ) cos3 ! . "35$

It depends on the angle ) between the cosmic-ray momentum
at the detector and the local east-west line that points in the
orthoradial direction of an axisymmetric coordinate system.
Notice that because we are interested here in singly charged
species, the rigidity amounts to the momentum p. Once the
cosmic-ray energy as well as the geomagnetic latitude are
specified, the solid angle #cut inside which the direction of
the incoming particle lies may be derived from relations "34$
and "35$. The AMS detector looks upwards within *27°
around the vertical. This corresponds to a solid angle of
#det!0.68 sr. Because the apparatus does not point towards
the local east or west, impinging particles may not be seen
by the instrument. The effective solid angle #eff through
which they are potentially detectable corresponds to the
overlap, if any, between #cut and #det . The value of #eff
depends on the cosmic-ray rigidity p as well as on the precise
location of the detector along the orbit. The detector accep-
tance may therefore be defined as

#"p $!
+

4 D
2" #eff "p ,t $dt , "36$

where the time integral runs over the duration , of the space
mission. In the case of AMS on board ISSA, , is estimated to
be 108 s "3 yrs$. Between 100 MeV/n and 100 GeV/n , we
infer a total acceptance of 5.8$109 m2 s sr GeV for antipro-
tons and of 6$109 m2 s sr GeV for antideuterons. The net
number of cosmic-ray species which AMS may collect on

board ISSA is actually a convolution of the detector accep-
tance with the relevant differential flux at Earth. For antideu-
terons, this leads to

ND̄!" #"pD̄
!

$- D̄
!dTD̄

! , "37$

where the integral runs on the D̄ modulated energy TD̄
! .

Integrating the secondary flux discussed in Sec. III leads
respectively to a total of 12.3 and 13.4 antideuterons, de-
pending on whether the solar cycle is at maximum or mini-
mum. These spallation D̄’s are mostly expected at high en-
ergies. As is clear from Figs. 3 and 4, the secondary flux
drops below the supersymmetric signal below a few GeV/n .
The transition typically takes place for an interstellar energy
of 3 GeV/n . Below that value, the secondary antideuteron
signal amounts to a total of only 0.6 "solar maximum$ and
0.8 "solar minimum$ nuclei. Most of the supersymmetric sig-
nal is therefore concentrated in a low-energy band extending
from the AMS threshold of 100 MeV/n up to a modulated
energy of 2.6 GeV/n "maximum$ or 2.84 GeV/n "minimum$
which corresponds to an upper bound of 3 GeV/n in inter-
stellar space. In this low-energy region where spallation an-
tideuterons yield a negligible background, the AMS accep-
tance is 2.2$107 m2 s sr GeV for antiprotons and
5.5$107 m2 s sr GeV for antideuterons.
For each supersymmetric configuration, the D̄ flux has

been integrated over that low-energy range. The resulting
yield ND̄ which AMS may collect on board ISSA is pre-
sented as a function of the neutralino mass m. in the scatter
plot of Fig. 6. During the AMS mission, the solar cycle will
be at maximum. Most of the configurations are gaugino like

FIG. 6. The supersymmetric D̄ flux has been integrated over the
range of IS energies extending from 0.1 up to 3 GeV/n . The result-
ing yield ND̄ of antideuterons which AMS on board ISSA can col-
lect is plotted as a function of the neutralino mass m. . Modulation
has been considered at solar maximum.
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ABSTRACT
We propose a novel antiparticle detector. The gaseous antiparticle spectrometer (GAPS) e†ects particle

identiÐcation through the characteristic X-rays emitted by antiparticles when they form exotic atoms in
gases. GAPS obtains particularly high grasp (e†ective areaÈsolid angle product) at lower particle ener-
gies, where conventional schemes are most limited in their utility. The concept is simple and lightweight,
so it can be readily employed on balloon- and space-based missions. An extremely powerful potential
application of GAPS is a space-based search for the neutralino through the detection of a neutralino
annihilation by-productÈthe antideuteron. Paradoxically, this space-based search for the neutralino is
capable of achieving comparable sensitivity to as yet unrealized third-generation, underground dark
matter experiments. And GAPS can obtain this performance in a very modest satellite experiment.
GAPS can also provide superior performance in searches for primary antiprotons produced via neutral-
ino annihilation and black hole evaporation and in probing subdominant contributions to the anti-
proton Ñux at low energies. In a deep space mission, GAPS will obtain higher sensitivity for a given
weight and power than BGO calorimeters.
Subject headings : atomic processes È cosmic rays È dark matter È techniques : spectroscopic

1. INTRODUCTION

The gaseous antiparticle spectrometer (GAPS) identiÐes
antiparticles through the characteristic X-rays emitted by
antimatter when it forms exotic atoms in gases. GAPS pro-
vides an order of magnitude or more improvement in sensi-
tivity compared to conventional magnetic spectrometers at
substantially lower weight and cost. GAPS is thus ideal for
space-based experiments. In ° 2 of the paper we describe the
scientiÐc opportunities that can be exploited with the
superior sensitivity of GAPS. We particularly focus on a
high-sensitivity, indirect search for the neutralino through
detection of cosmic antideuterons. This approach to neu-
tralino detection can yield sensitivities comparable to or
even exceeding those of as yet unrealized third-generation,
underground dark matter experiments. We also discuss
more prosaic possibilities, such as measurement of the very
low energy antiproton spectrum. We also mention more
exotic possibilities, such as searching for antiprotons from
evaporating black holes and searching for antihelium with
much greater sensitivities than the AMS experiment on the
International Space Station (ISS). In ° 2 we describe the
basic GAPS concept, in ° 3 the atomic physics of exotic
atoms, in ° 4 the detector efficiency, in ° 5 issues of
background rejection, and in ° 6 results of preliminary
simulation.

1.1. Indirect Detection of Dark Matter through
Antideuterons

A major goal of twenty-Ðrst-century physics is to identify
particle dark matter. The best candidate is likely a weakly
interacting massive particle (WIMP; Jungman, Kamionk-
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owski, & Griest 1996) such as those that arise from super-
symmetric extensions of the standard model of particle
physics. Most e†ort has concentrated on the neutralino, the
lightest supersymmetric partner. The neutralino can be
detected by the nuclear recoils it produces through its scalar
and vector couplings to matter. Major direct detection
experiments are underway, but they are extremely difficult
because of the low predicted count rate for the neutralino.
These experiments must be done deep underground to
shield against cosmic rays and, in particular, neutrons pro-
duced in the atmosphere and through muon interactions
(the tertiary neutrons). Tertiary neutrons, as well as those
produced in (a, n)-reactions in the surrounding rock, are
particularly problematic for these direct detection experi-
ments. The experiments cannot distinguish a target atom
recoil due to a neutron from one due to a neutralino. There-
fore, Monte Carlo simulations are required to estimate
neutron contribution to the nuclear recoil. The recent con-
troversy over the possible detection of the neutralino by
DAMA and the contradictory claims of the CDMS experi-
ment hinge on the reliability of the neutron background
estimation (Akerib 2001).5 This situation requires consider-
able caution, and it has been advocated that a reliable neu-
tralino detection may require several experiments operating
with di†erent target nuclei and obtaining consistent neu-
tralino detection rates. Ideally, such experiments would
have di†erent intrinsic background sources. However, all
underground direct detection experiments have neutrons as
the dominant source of uncertainty.

Alternately, many indirect detection schemes have been
proposed for the neutralino (Gondolo 2001).6 These rely on
the fact that the neutralino is a Majorana particle and thus
can annihilate with itself. The resultant heavy quarks and
gauge and Higgs bosons produce hadronic and electromag-
netic showers. This leads to a primary antiproton com-

5 See http ://nu2000.sno.laurentian.ca/D.Akerib.
6 See http ://nu2000.sno.laurentian.ca/P. Gondolo.
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ponent to the cosmic rays. The antiproton component has
been discussed in many papers and searched for in many
experiments. It is difficult to distinguish the primary anti-
proton component from the secondary component pro-
duced in cosmic-ray interactions in the interstellar medium
(° 1.2 below). Both line and continuum c-ray signatures
have been proposed as a means to search for the neutralino
with GL AST . In addition, it has been proposed to search
for the neutrino signature produced when neutralinos anni-
hilate in the gravitational potential well of the Sun (Andre! s
et al. 1999).

The promise of indirect detection techniques to search for
the neutralino has changed markedly in the last year. Theo-
retical calculations predict a Ñux of primary antideuterons
in the cosmic rays due to the annihilation of the neutralino
(Donato, Fornengo, & Salati 2000). Like the well-known
primary antiproton signal, the antideuteron signal is pro-
duced when WIMPs annihilate to heavy quarks and gauge
and Higgs bosons that fragment to cosmic-ray antiprotons
and antineutrons. This Ñux is large enough that the GAPS
technique, when employed in a modest space-based experi-
ment, has competitive and possibly superior sensitivity to as
yet unrealized third-generation direct detection experi-
ments. Indeed, the indirect detection of the neutralino via
the antideuteron provides an ideal complementary tech-
nique to the direct detection experiments because its back-
ground source is not neutrons (see below).

Figure 1 shows the projected sensitivity of CDMS II, a
state-of-the-art direct detection experiment, through the
year 2004. Also shown is the projected sensitivity of
GENIUS, a proposed third-generation experiment based

on D1 ton germanium. The third-generation experiments
will improve on the second-generation experiments by
about 3 orders of magnitude. The dots represent the ensem-
ble of SUSY models parameterized by their spin-
independent cross section and neutralino mass. A similar
plot is shown in Figure 2 for a modest MIDEX class satel-
lite experiment (described in more detail in ° 6.1). The sensi-
tivity calculation is all inclusive (including the e†ects of
orbit-varying geomagnetic cuto† and solar modulation).
The sensitivity for this (unoptimized) experiment is much
more than an order of magnitude better than AMS for
detecting the antideuteron. Recently a g[2 experiment has
detected a marginal (2.7 p) discrepancy in the anomalous
magnetic moment for the muon (Brown et al. 2001). If this
discrepancy is due to supersymmetric corrections to loop
diagrams producing the magnetic moment, then the range
of possible SUSY models is severely constrained, as shown
by the green circles in Figures 1 and 2 (Baltz & Gondolo
2001). Unlike the AMS experiment on ISS, the GAPS
experiment on a small satellite can be as sensitive as a third-
generation experiment and will access nearly the entire
allowed SUSY parameter space as restricted by the g[2
results.

The source of background in a primary antideuteron
search is the secondary antideuterons produced in cosmic-
ray interactions. The situation is reminiscent of the primary
antiproton searches, where the background is due to sec-
ondary and tertiary antiprotons (Simon, Molnar, & Roesler
1998 ; & Ullio 1999). However, the situ-Bergstro" m, Edsjo" ,
ation is much better for a primary antideuteron search. The
secondary antideuterons cut o† at much higher kinetic

FIG. 1.ÈSensitivity of current/planned underground experiments for neutralino detection for various SUSY models & Gondolo 1996 ;(Bergstro" m Edsjo"
& Gondolo 1997 ; 1997 ; & Gondolo 1998 ; Baltz & 1999 ; Mandic, Baltz, & Gondolo 2001). The green circled SUSY modelsEdsjo" Bergstro" m, Edsjo" , Edsjo"
are those allowed if the anomalous muon g[2 result is correct (Baltz & Gondolo 2001).
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Thank you, Pierre, for the great fun working together, 
your inspiration and friendship! 

And much more to come!


