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Abstract

The direct detection of primary cosmic rays is a difficult task because
must be carried out with particle detectors outside the atmosphere, i.e. on
balloons or satellites, but it offer unique possibility to study the spectrum
and the isotopic composition of cosmic rays, that are essential to under-
stand the origin and the dynamic evolution of the matter in the galaxies.
The direct detection of annihilation products in cosmic rays offer also
an alternative way to search for dark matter particles candidates. Here
we will see in particular that the study of the spectrum of antiproton,
positrons and gammas offer good possibilities to perform this search and
we will review our experimental effort in this direction.

1 Antiprotons

Figure 1 summarized the experimental and theoretical situation in the study
of the antiproton flux compared with the proton flux. A certain amount of
antiproton can be produced through the interaction of the cosmic rays with
the interstellar matter and we can know how much it is applying the standard
scheme of cosmic ray propagation models which compute the expected p flux
starting from the proton flux, the antiproton production cross - section and the
quantity of traversed matter ( line called standard leaky box in figure 1) [1].
One feature that one can see from the figure is that the observed flux appears to
be 3 times higher than the expected. The over-abundance of antiprotons has led
to speculations of their origin ( for a review see [2] or [3] ) ranging from models
were the antiprotons are produced in shrouded supernova [4] to more exotic
ones. For example, the model called antigalaxies comes from the consideration
that the role of antimatter in the creation of the universe is still not clear and at
this moment can not be ruled out the hypothesis of the presence in some part of
the universe of a certain amount of antimatter [10]. In only this case the ratio
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Figure 1: The experimental points are shown compared with the different models
for the antiproton/proton ratio as explained in the text. The experimental
points are: o Golden et al. [5] , A Bogolomov et al. [6] ¢ Buffington et al. [7]
x Ahlen et al. [8] e Streitmatter et al. [9]

P/p is expected to rise with the increase in energy just because the extragalactic
component of the cosmic rays increase with energy.

Another possible process for generating antiprotons is the spontaneous emis-
sion of proton- antiproton pairs near small black holes [11] . These might be
primordial or remnants of the Big Bang from which the Universe evolved; their
evaporation can give a contribution to the antiproton production ( line called
black holes in figure 1).

But the more interesting hypothesis for what concern the study of the dark
matter is the possibility that the excess of antiprotons comes from the annihi-
lation of supersymmetric particles [12].

These particles can be or photinos (5 ) or their generalized extension to
neutralinos, including higgsinos, ( h ) that were shown to be cosmologically
significant by Goldberg [13] and Ellis et al. [14] respectively. The photino anni-
hilation results in antiproton spectra with a cut-off at an energy corresponding
to the supersymmetric particles mass. As can be see from figure 1, the calcula-
tions show that it may be possible to look for a dark matter halo annihilation
signal at p energies below 1 GeV, where the flux from cosmic-ray collisions is
expected to be negligible.

The p spectra was calculated using the Lund Monte Carlo Program [20] that
takes in account the different fragmentation effects associated with heavy quark
jets and provide a framework for extrapolating from collider data to a different

268



mixture of final state quark jets. The reason of the difference between the ¥
and the h is that the 7 production, that is unimportant in hh annihilations,
accounts for 56% of 4% annihilations and produces no p. For what concerns
baryon formation the Lund model uses a diquark-quark mechanism for baryon
production and may, for certain situations, predict a p production rate which is
a factor two too low, but on the other hand seem that it may overestimate the
flux of high energy proton by a factor two [21]. Due to this uncertainties the
present upper limits in the low energy range do not constrain any astrophysical
parameters for all the y particles of interest but it is possible to hunt for x’s
with low energy p experiment at a flux level not too far below the present upper
limits.

2 Positrons

The positrons (like the electrons) are an unique probe of the acceleration mech-
anisms in the sources, of distribution of acceleration sites and of interactions in
interstellar space, because of their low rest mass and because (contrarily to nu-
cleons which, at high energies, suffer attenuation due to collisions with gas) they
interact with nuclei fields by bremsstrahlung, with photons by inverse Compton
scattering and with magnetic fields through synchrotron radiation.

In figure 2 is shown the experimental situation and the predictions of two
standard cosmic ray propagation models [22] ( Standard Leaky Box and Dy-
namical Halo); one can see that there is a unexplained increase in the positron
fraction for energies greater than 10 GeV'.

A way to explain this increase was proposed by Tilka [23], that has observer
that the annihilation of a massive weakly interacting massive particles (WIMP,
hereafter referred to as x) with M, > 20 GeV and with a large cross section for
producing a single ete™ pair, can account for the extra positrons. A clear way
to test this model will be to look at higher energies because a prediction is that
these annihilation would yield a sharp break in the cosmic ray positron at energy
equal to M,,. It must be noticed that only massive Dirac neutrinos (vp) generate
such a feature. The reason why the neutralinos cannot be the responsible for
the excess of et is the small branching ratio of the channel xy — eTe™ that
is the order of 1075 in the simples supersymmetric model; in other words they
will produce much more p than e™ and in this case their number is constrained
by the p flux data, although it may be possible to enhance B(xxy — ete™) in
more complicated supersymmetric models.

As can be seen from figure 2, the shape of the et /(e™ + ¢7) ratio depends
critically on the containment time 7 of the electrons in the halo. The value
T = 73 -10% yr may be estimated from studies of cosmic ray nuclei; in particular
the abundance [24] of the radioactive nuclide 1°Be and stable secondary nuclei
suggest 73 ~ 0.1 if cosmic rays are confined to the galactic disk or 73 ~ 1 if they
diffuse through a halo of radius ~ 10 kpc.
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Figure 2: Measurements of the positrons to total electrons ratio are compared
with predictions of two standard cosmic ray propagation models (Leaky Box
and Dynamical Halo) and with the Dirac Neutrino model for three values of 7g
as explained in the text. The experimental points are: Golden et al. 1992 [15]
Fanselow et al. , 1969 [16] Buffington et al. ,1975 [17] Golden et al., 1987 [18]
Muller and Tang ,1987 [19]

3 Experimental Program

As we have seen in the previous two sections precise measurements of the an-
tiproton and positron spectra in a large energy range ( at least between 0.3 and
50 GeV ) are needed to tell if the exotic particles annihilation play a role. Our
experimental effort in this direction has already begin with the MASS appara-
tus, shown in figure 3. The payload has flown on a balloon twice, the first flight
took place from Prince Albert, Sask. on Sept 5, 1989. This flight lasted only 5.5
hr. due to an unfavorable wind speed and direction, but any way produced the
data called Golden et al. 1992 in figure 2. A second flight took place from Fort
Sumner, New Mexico, on Sept 1991 for 9 hr. and the data are under analysis.
The main parts of the apparatus, are : a) the tracking system, that con-
sist of 8 multi-wire proportional counter (MWPC) and two drift chamber each
containing 10 layers of hexagonal drift cells ( the drift chamber modules were
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Figure 3: The MASS (left ) and the TRAMP-Si (right ) configurations of the
balloon payload

added after the 1989 flight ) . Both system have spatial resolution better than
200 pm . Details of the MPWC system can be found in Golden et. al. [25] b) a
Cerenkov detector with a path lenght of 1 m of Freon 12 viewed by four photo
tubes. A 4-section pyramidal mirror (each segment being a paraboloid ) is used
to focus the light on the photo tubes. A fully relativistic particles typically
produces 14 photo - electrons and the efficiency for detection of a muon above
the threshold ~. is 98%, while the accidental rate is less then 5-10~* for low
energy muons. c) the time of flight (TOF) scintillators are used to determine the
direction of travel. They are also pulse-height analyzed in order to determine
the magnitude of each particle’s charge. The TOF time resolution is about 200
ps and since the top and bottom TOF layer are separated by 1.2 m, the time
difference between downward and upward particles is at least 30 std.dev.. d)
the calorimeter consist of 40 layers ( 20 in each of two orthogonal view) of 64
brass streamer tubes for a total of 7.3 radiation length of brass [26] . The special
feature of the calorimeter is that it provide not only an energy resolution, but
also an accurate reconstruction of the annihilation vertex and of the out coming
tracks. This is particularly useful to discriminate between electromagnetic and
hadronic particles in a situation where the total containment of the particle is
forbidden by the weight limitation of the payload.

The MASS configuration is limited to about 20 GeV in the highest energy
for positron observation because as the proton Cerenkov threshold is reached
we expect increasing background. In order to eliminate this undesirable char-
acteristic a transition radiation detector( TRD) is being used in the 1993 flight
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series ( Tramp-SI ) for the observation of high energy positrons. The TRD uses
precisely carbon fibers to provide transition in refractive index. An extremely
relativistic (y > 1000) particle traversing these transition will emit x-rays of
an energy that can be detected by an MWPC. Electrons and positrons with
energies above 500 M eV satisfy this criterion but protons must have an energy
above 1 T'eV to produce transition radiation. The TRD consist of 11 layers of
carbon fibers each separated by a MWPC. This allow good efficiency , redun-
dancy and detector cross-checks. Details of the TRD design and test results
may be found in [27] where one can see that with an efficiency of 90% for the
detection of positrons, the TRD can falsely identify 4 - 10=% of the proton as
positrons . Positrons are especially difficult to identify because the et /p ra-
tio is on the order of 1073 at low energy decreasing to 10~* at high energies.
Thus to measure positrons reliably, one would like to have a system which has
a probability of misidentifying a proton as a positron which is 107° or better.
To accomplish this a silicon imaging calorimeter is used in connection with the
TRD. The silicon calorimeter offers significant improvement over the MASS
streamer tube calorimeter in two areas : 1) it gives energy position in each strip
rather then "on / off” indication and this allow precise determination of the
longitudinal and lateral profile of the shower and 2) decreased vertical height,
thus allowing a greater geometrical factor. In the Tramp-SI configuration the
calorimeter is formed by 5 layer of silicon detector alternated with 1 radiation
lenght of tungsten. A single layer is composed as a 8 - 8 matrix of sensitive
modules ( see figure 4) and each modules is formed by two silicon detectors,
each having a total area of 6 x 6 cm? and a thickness of 380 um ; they are
mounted back to back with perpendicular strips to give x and y coordinates.
Each module has 16 strips 3.6 mm wide connected to the neighboring one to
form single strips 50 cm long. Details of the silicon calorimeter design and test
results may be found in [28]

The silicon calorimeter in this 5 plane configuration will provide a factor
2 - 1072 in rejection power that, combined with the TRD, give us an overall
error rate for proton misindentified as positrons better then 8 - 10~7. This
instrument has already flown in September 93 for a total data taking time of 24
hours.

The very low energy part of the positron and antiproton spectrum ( below 5
GeV') remains uncovered by the previous program and then we are planning a
flight dedicated to this items for the summer of 1994 ( CAPRICE flight). A ring
imaging Cerenkov detector (RICH) with the TOF system, the tracking system
and the silicon calorimeter will be used. The radiator of the RICH is 1 e¢m
of NaF (refractive index=1.4). This is followed by a helium-filled space which
allow the expansion of the Cerenkov disk and the formation of a ring of Cerenkov
photons. The Cerenkov ring is then transmitted through a quartz window into
an MWPC filled with methane, isobutane and TMAE ( tetra-dimethyl-amine-
ethylene). The MWPC utilizes a segmented cathode readout ( 8 mm squares
) to record x — y location of the particle passage and the conversion location
for the Cerenkov photons. Details of the design can be found in ref.[29] . The
performance of a prototype system has been measured in a series of test runs
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Figure 4: The basic module of the calorimeter

at CERN.

In the energy range 1-4 GeV the Cerenkov ring diameters of e~ and p~
are more than 10 std.dev. from that of the antiproton, consequently the sep-
aration of the background from antiprotons is assured using only the Rich .
Above 4 GeV the ring diameters begin to converge, but at these energies the
calorimeter has excellent rejection power against the electrons. The et and e~
will be separated from the p with the request of electromagnetic cascade in the
calorimeter.

Table 1 summarize our experimental program and one can see that extension
of the energy range can only be obtained with long duration flights (> 10 days
) or with a satellite. Long duration flights are under study because will require
attention to a number of aspects of payload design: 1) power 2) weight , 3)
thermal control 4) recording 5) magnet lifetime. They are really competitive
only if there is no possibilities in a short time (before the 2000) of a satellite.
The Wizard mission [30] on the Space Station, already approved, is delayed due
to the general delayed of the Space Station program. There are now studies
both with NASA and Russian agencies to modify the Wizard project to make
it suitable for a rocket launch.

4 Photons

The annihilation of supersymmetric particles can produce also photons. For
example in ref.[31] is shown that the gravitino can be a dark matter particle if
the second lightest supersymmetric particle is the sneutrino. The gravitino can
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decay due to R-parity violation processes. The most stringent lower limit on
the gravitino lifetime is imposed by the diffuse gamma-ray flux and the positron
flux. The two particle decay of the gravitino G — v+ X and G — v+ X can
produce a detectable gamma line and a marginally detectable neutrino line. Let
consider first the diffuse gamma radiation. The present day Universe, t = tg
is transparent for photons borne in decays of the gravitino. Decay electrons
are breaking on relic 2.7 K black-body radiation producing isotropic gamma
radiation with a spectrum

c to 172,
I,(E,) = 8—ﬂremgpcex / E; 3/2

where p. = 1.06 - 1072°h2, g/cm? ( h7s = Ho/75kms~*Mpc~! and Hy is the
Hubble constant), 7¢ is the gravitino lifetime, re,, is the product of the branch-
ing ratio for the decay of the process ¥ — G +v + et + e~ (=~ (a/7)?) and
the fraction of the energy transferred to the et + e~ pair (~ 0.5), ex is the
maximum energy of the spectrum (~ 3.6 myg9 MeV) and mig is the gravitino
mass normalized at 100 GeV'.

A line with such an intensity at energy E, ~ 50 mjoo can be discovered with
detectors tuned for high gamma energy ( > 10 GeV ) with good energy and
angular resolutions to discriminate better the discrete sources from the diffuse
background.

Only a satellite bigger than EGRET [32] can accomplish these results. A pos-
sible solution that we are studying is to use the silicon calorimeter surrounded
with anticoincidence shields. A configuration with 20 planes 50 - 50 ¢m? inter-
leaved with 0.5 X of Tungsten is very compact ( about 30cm in height ) and
then has a large geometric factor and can collect a large statistics. From prelim-
inary study it has a good energy resolution ( 10% at 10 GeV) that decrease at
high energies and a good angular resolution ( ~ 0.5° at 10 GeV'). The relatively
low weight of this kind of detector (~ 400500 K g) make it suitable for a flight
together with other instruments in a Resource-0 Russian satellite to be flight
before 2000.
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