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ABSTRACT

We re—evaluate the fluxes of cosmic ray antiprotons, posi-
trons and gamma rays to be expected from the annihilations
of relic particles in the galactic halo. We stress the
importance of observational constraints on the possible
halo density of relic particles, and specify their annihi-
lation cross—sections by the requirement that their cosmo-
logical density close the Universe. We use a Monte Carlo
programme adapted to fit ete” data to calculate the p, et
and y spectra for some supersymmetric relic candidates. We
find significantly smaller p fluxes than previously estima-
ted, and conclude that present upper limits on cosmic ray P
and et do not exclude any range of sparticle masses. We
discuss the prospects for possible future comstraints on
sparticles from cosmic y rays.

*)address after September lst, 1988: School of Physics and
Astronomy, University of Minnesota, Minneapolis, MN 53455,

+)Address after September lst, 1988: Department of Physics,
Columbia University, New York, NY 10027.

§)Addre.s.s after September lst, 1988: Bartol Research
Foundation, University of Delaware, Newark, DE 19716.

CERN-TH.5062/88
SCTPP-88/29
May 1988



-1 -

Astrophysical observations [l] strongly suggest that galactic haloes contain
dark matter which has not dissipated like the conventional matter in the galactic
disc, and is likely to be non=baryonic [2]. There is no shortage of particle
physics candidates for this dark matter, with three of the most favoured belng
massive neutrinos, axions and relic supersymmetric particles [3,4]. Experimental
physicists are now devising strategies for detecting these different species of
relic particles. They have been offered three possible signatures of heavy dark
matter particles y such as massive neutrinos or supersymmetric particles. These
are y scattering off nuclei in the laboratory which may produce detectable nuclear
recoil energy and/or inelastic nuclear excitation [5], annihilations of relic
particles y trapped in the Sun which may produce an observable flux of high emnergy
solar neutrinos [6], and annihilations of relics y im the halo which may produce
detectable fluxes of antiprotons [7], positrons and gamma rays [7,8]. New data have
recently become available from non-dedicated detectors which may constrain some
relic particle candidates. These include upper limits on dark matter scattering
rates in /6Ge detectors [9] - which exclude Dirac neutrinos vp or sneutrinos v with
masses between 12 and 10° GeV if they have the expected halo density, upper limits
on high-energy solar neutrinos [10] - which exclude ;e or VU with masses between
~2} GeV and 25 GeV but do not exclude any range of photino ? or higgsino fi masses
{11], and new upper limits om the low—energy cosmic ray p flux [12] whose implica-

tions we analyze in this paper.

The observation of a surprisingly high flux of low-energy E'S in the cosmic
rays a few years ago [13] was very difficult to understand in terms of secondary 5
production by matter cosmic ray primaries [14], and its origin was the subject of
many speculations. A particularly interesting suggestion [7] was the idea that
these E's could be due to relic particle annihilations in the galactic halo:
XX > E+X. By making favourable choices of uncertain astrophysical parameters such
as the relic halo density p: and the confinement time t; of E's in the galactic
magnetic field, it appeared possible [8] to reproduce the claimed flux of p's with

the annihilations of Dirac neutrinos v_ or higgsinos E, but this was more difficult

with photines ?, and impossible with sgeutrinos V. Recently, new measurements [12]
have failed to reproduce the low—energy E flux claimed previcusly, and have instead
established upper limits on the flux which are more than an order of magnitude
below the previous claim, We study the question whether these new observations
impose significant constraints on relic particle models, and also examine whether

upper limits on the fluxes of positrons or gamma rays could constrain such models.

For each relic particle x that we consider, we fix its total annihilation
cross—section ¢ by requiring that its present cosmological density give closure

[15]: Qx = px/pc = 1. These values of GXX are significantly smaller than some



used in the literature [8]. We calculate the differential p, et and y fluxes using
a Monte Carlo programme with parameters adjusted to fit ete™ annihilation data
[16]. We find 5 spectra that are smaller than those used previously, especially in
the case of the bb final states that are important in Bh (and to a lesser extent
W) annihilations. Moreover, the spectra have different shapes and do not scale as
functions of EE/mx. We combine these particle physics calculations with the
observational upper bounds [12] on the p flux to give upper limits on the combina-
tion p /_- of astrophysical quantities -~ ph being the local halo dark matter
density and TE the time of p confinement in 1):(he galactic magnetic field. For all
values of the relic y or B masses, we find upper limits on pr-% which are much
larger than the values expected from astrophysics [17]. Thus no range of relic ?
or h masses is excluded by present p data, and the same conclusion holds for
present et data (18]. We also discuss the prospects for relic detection by pos-—
sible future E experiments, and possible future constraints on sparticles from
cosmic y rays, presenting both the expected shapes of y ray spectra and best

guesses for their normalizations.

The central formula for the flux observable at the Earth of E's produced by
relic yy annihilation in the halo is [7,8]
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where <cxxv >, is the velocity—averaged yy annihilation cross-section, v-ﬁ is the
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interstellar p velocity, fE(EE) is the differential cross-section for inclusive p
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suitably modulated by the solar wind, and 1:5 is the E confinement time. We will

production
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now discuss each of these factors in turn, and then the analogous formulae for the

et and v fluxes.

The annihilation cross—section for x's in the halo is controlled by model
patameters: mostly by sparticle masses if y = ':f, and by the ratio v;/vy of Higgs
v.e.v.'s giving masses to the up- and down-type quarks if y = h. The values of
these parameters often used in the literature [8] give large annihilation cross-
sections and thus relatively large i; fluxes ¢5' However, these same model para-—
meters also control the annihilation rate of y's in the early Universe, and hence
the cosmological relic density px of y's, which we express in units Qx S px/pc of

the critical density Pet The annihilation cross—section in the early Universe,
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averaged at a temperature T << mx, is given by [3]

o
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where a and b are determined by the model parameters, whereas the halo annihilation

cross~section
1
G, (17005

where the relevant velocities v ~ 1073c are very small. For 5 GeV s mx < 30 Gev,

the cosmological relic y density is related to the annihilation cross—sections (3)

by [3]

.36 3 ) : -6 3
107 cm S O Gms -]

* oY Ezo (I+ by
_O.,JJ\ - Roxf(a-rﬁbxf) (0;‘ IU‘ > Q. }‘) (&)

where h is the present~-day Hubble constant in units of 50 kms'lMpc'l, and X is the

ratio of the freeze-out temperature T, in the early Universe to m . Equation (4)

£
gives a close connection between QX and <cxxvx> s because xe ~ 1/20 and b/a are

fairly model-independent. For example, if ?: y we find

&
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We shall assume that the relic x's are the dominant form of dark matter in the
Universe, and shall fix the numerical values of the model parameters by requiring
Qx = 1, as suggested by naturalmess and by inflation [15]. We note that model
parameters used in the past [8] give relatively low values of the cosmolegical
relic density, QX ~ 0,2 to 0.05, so Eq. (4) tellé ug that our <GXXVX>A and hence
our fluxes will be reduced by a factor ~5 to 20,

The p's, et's and y's are produced indirectly via the annihilation reactioms
xx > £f: £ = 1,c or b for the y candidates we consider. When f = 7, et's and y's
may be produced either directly or indirectly in the © decay chain, but no 5'3 are
produced. When f = ¢ or b, E's may be produced either directly in the fragmenta-
tion process, or indirectly in the decay chains of heavier particles, just as ettg
and y's are produced in the decays of fragmentation particles. It is therefore
impossible to calculate these spectra analytically. Since the yy + ff reaction is
similar to ete™ » aq, a natural possibility is to use ete™ data [8] to determine

the spectrum f-(E=) of Eq. (1) [and analogously £ 4 (E 4+ )]. However, the ete”
p P e, Y e,y
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data require three important corrections to meet our purpose.

1) The yx » ff annihilation fractions are in general quite different from the

mix of Hq final states in e¥t

e~ annihilation. This can be an important effect,
because the ¢ + D and b + B meson fragmentation functions are known to be substan-
tially harder than those of the lighter quarks, leaving on the average less energy
available for the production of other fragmentation particles in cc and bb final
states. Therefore, one would expect, for example, the 5 spectra from the yy anni-
hilations considered here to be somewhat softer, and the overall yield of E's to be

less, than the ete™ data.

2) The second difference from ete™ annihilation is that particles which are

+
usually considered to be stable in an accelerator experiment {(e.g., m , Ki, pi,
neutrons and antineutrons) have time to decay in flight, making additional contri-

butions to the inclusive spectra (dN/dx): =x = Ei/mx.

We obtain the (dN/dx)i using the Lund Monte Carlo programme [16], which repro-
duces the available ete™ data fairly accurately, making the modifications needed to
include the decays of all unstable particles. We have used the Peterson et al.

[19] form of fragmentation function of the ¢ and b quarks, with €, and € ad justed

to give <zc> = 0.65 and <zb> = 0.81 as inferred from ete™ data. The inclusive

distributions (dN/dx)iare determined for the t, ¢ and b final states separately,
J
B X

_féti_ = f;;. (::i- :E: f:]{ éé: ’ (6)
dx i A 3=1 A

The values of the fit parameters AJ, Bi and C

and fit to the functiocnal form
dor3

4 are given in the Table. The shapes
of the (dN/dx)i distributions are relatively insensitive to the centre—of-mass
energy. For the y's and e*s, there 1s some increase at low x (x < 0,05) with
increasing centre-of-mass energy. However, we will show that the most favourable
signal-to-noise region for the e’'s and y's is most likely to be in the range x >
0.1 where this effect is considerably smaller. By choosing a 20 GeV centre—ocf-mass
energy {corresponding to the central mx value of 10 GeV) to fit the parameters in
the Table, we limit the errors in the spectrum due to these scaling violation to
less than ~30% over the interesting range of mx. In light of the other uncertain-
ties, a more exact treatment of the spectra is hardly justified. For the p's the
shapes of the (dN/dx)1 distributions are well described by Eg. (6) for the energy
ranges considered here, but the overall normalization, Ci’ have a significant
dependence on the centre—of-mass energy. This 1s taken into account by an energy-
dependent pre-factor which scales the C by the appropriate amount relative to the
mx = 10 GeV fits.
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Figure 1 shows a Monte Carlo histogram of the (dN/dx)i welghted by .their
fractions in yy annihilatioa for m? = 10 GeV, superimposed by-a.similarly weighted
combination of the fits (6) to the (dN/dx)i. Also shown is a function used in
previcus estimates [8] of the p flux. We note that it has a slower fall-off with x
than our fit*), and a larger overall normalization. Indeed it gives 1.14 p,E per
ete~ annihilation event at Ecm = 34 GeV, whereas TASSQ [20] observes 0.76x0.06 p, 5
and our Monte Carlo gives 0.72 p,p per ete” annihilation event. Also shown in

Fig. 1 is dN/dx for hh annihilation for my = 10 GeV.

3) The produced particle spectra must be corrected for propagation through the
interstellar medium, and for modulation by the solar wind. The former are expected
to be small for p's in the energy range of interest here, but the raw spectra of
Fig. 1 and the Table must be corrected for modulation by the solar wind. We make
this correction using the simplified approach of Perko [21], which has been shown
to give an accurate form for the cosmic ray proton spectrum. This approach
approximates the diffusion coefficient by ABp for-p > pc, and by Aﬁpc for p < P.s
where the transition momentum P, = 1.015 GeV. The p production energy EE is then

related to the observed emergy E by

E§}5 = E: + Zc&E:

E =Pln :+E +E +ab - for P<R. (7)
P ‘I’

L]

for p>P¢

(72)

where AE is an emergy shift that depends on the phase in the solar cycle, and E =
mE + T = (m§+p2)%. We follow Ref. [12] by choosing AE = 4395 MeV to correspond to

the phase at which their data were taken.

In order to compare these data with the predictions of different models, the
latter would have to be normalized by choosing'values for the astrophysical quanti-
ties p: and 15 in Eq. (1). The local density of halo dark matter is constrained by
a variety of astronomical observations. If galaxies form within pre-existing

haloes of dark matter, as is widely believed, then dynamical estimates imply {[17]

026N L P40 GVen o

if the fraction F of dissipational matter lies in the range 0.05 < F < 0.2 implied

by observations. The range (8) includes most mass-model estimates of p:. Foxr the

*) For this reason, there is no sharp cut-off in the p/p ratio at Ez = m  as pre-
viously suggested [8], and higher energy p data give less stringent l%mlts on
gparticles.
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best-guess value F = 0.1, the local halo density p: = 0.3 GeV ecm™3 [17]. It has
been noted that p: would be significantly higher if the dark matter had the same
velocity dispersion as extreme population II stars [22]. However, this does not
seem likely if galaxies were formed by dissipational contraction within dark matter
haloes. Our best-guess value p: = 0.3 GeV cm™? for the local halo density is con-
siderably smaller tham wvalues (0.75 to 1 GeVv cm'3) used previously [8] in this
context. Thus our fluxes will be reduced by factors ~6 to 10. Strictly speaking,
the value of pX that appears im Eq. (1) is the mian value of px within the dark
halo weighted by the relative probabilities that p's produced at different loca-
tions in the halo will diffuse through the galactic magnetic field to reach the
Earth., We shall take pX = pz in Eq. (1), and put the effects of the inhomogeneity
of pX inte 15, thereby following previous work [7,8].

The propagation of charged particles in the galaxy is not well understood
[23], and their confinement time 1is uncertain and may well be energy-dependent
[24}. We will discuss two essentially different models for confinement: disk and
halo confinement. For disk confinement, Td = 107yr, as suggested by the abundances

of both stables [24] and unstable (e.g., 10Be) isotopes [25].

We contemplate two types of halo confinement. For type I halo confinement,
the local density of cosmic rays is dominated by an old halo population, in which
case the age of 10Be 15 given by the geometric mean of the 10Be half-life and the
halo confinement time, 1h [26]. This suggests Th = 5x10’yr and a halo thickness
~ 1-2kpe, roughly five times the disk scale height. For type II halo confinement,
the local density of cosmic rays is dominated by a young disk population, as in a
disk model. However, a longer Th is not ruled out so long as the older population
does not contaminate the isotope abundances successfully given by the disk model.
We approximate the average residence time for an old cosmic ray in the disk b the
probability of finding it there, Tres = Tth/Vh. Requiring Tres < 107yr to avoid
contamination, we conclude Th < BXIOByr, where we estimate Vd/Vh ~ 1/30 as the

ratio of the disk scale height to the core size of the dark matter distribution.

Another model is motivated by evidence [l4,27] that a substantial fraction (10
to 50%) of the cosmlec rays must have passed through much higher grammage
(~100gcm'2), if the observations [28] of p's at several GeV*) are interpreted as
due to secondary production by nuclear interactions of cosmic ray primaries with
interstellar gas. This enhancement in path length may be ascribed to halc confine-
ment in a closed box model for the galactic cosmic rays that leak out of the spiral

arms where they are produced and spend ~107y. The resulting old component has a

*> It is desirable to repeat these observations with better particle identifica-
tiomn.
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lifetime ~7Xl09(0.01cm'3/nH) y, where n_ is the neutral Hydrogen demnsity in atoms

H
cm=3, which is close to the maximum confinement time ~1,5x100y given by the age of

the galaxy*).

We shall not restrict our attention to a particular confinement model, but
instead consider a range for 1 that embraces the three models considered above.
These vary through 0.02 < ;% < 200 for ?; = TE/ZXIOlSS- Probably 0.15 < 2; <5,
but the confinement time 15 remains as the most uncertain of the ingredients in Eq.

(1.

- ok
We present in Fig. 2 numerical estimates of the p/p ratio derived ) from the
E flux in a sampling of supersymmetric models, based on the default options p: =

0.3 GeVem™? and TE = 2x101%g, We see that because of the large reduction factors
mentioned earlier, due mainly to the assumed values of <UXXVX>A and p:, the

improved upper limit qu ”ev

dE; @.(€;) i
ILMev PP < Lf'_GXIO;(S’S"{,C.L.)

G4o MeV

205 MY O‘EP ¢P (EP)

recently reported [12] does not impose any significant constraint on supersymmetric

particle models. Indeed, they might even give fluxes considerably below the curves
in Fig. 2, since some of the halo dark matter could be barycnic, and r; could be
shorter than 2x10153, as discussed above. For this reason, we prefer to use the
data of Ref. [12] to quote upper limits on the quantity p ¢§_] where ph = p /0 3
GeVem™3., Figure 3 shows upper limits on'a f%F for x =y and h as functlgns of mx.
These results were derived assuming an energy independent mean free path-length
which is likely to be the case for EB < 5 GeV [23]. Although these limits are not
as stringent as the upper limits on pz from the non-observation of high-energy
solar neutrinos [27], they are much stronger than the available upper limits on the

local halo density of axioms [28].

*

N possible test of this model could be the observation of a halo component in

the y data, with an energy spectrum consistent with that for the decay of 70ts
from nuclear interactions.

**)We use the p flux from Ref. [21] with AE = 495 MeV [12].
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It should be noted that even a positive signal for low—energy p's would not
provide a "smoking gun” for relic amnihilations. This is because of a possible
background from supernovae buried deep in dense interstellar clouds [29]. They
could generate high—energy primary cosmic rays which produce E's that are initially
above the kinematic threshold of several GeV but subsequently decelerated adiabati-
cally. One could produce in this manner a low—energy p flux close to the new upper
limit even if only (3 or 4Z%Z) of cosmic ray nucleons were produced in this manner.
This translates into requiring ~10%Z of all supernova explosions to occur in such

dense clouds, which is well within the experimental uncertainties [30].

Also shown in Fig. 3 are upper limits on‘%h%ﬁzz from a comparison of the
observed flux of high—energy cosmic ray e*'s with téé flux expected from yy annihi-
lation., The analysis*) of the et spectrum is similar ‘to that of the E‘s discussed
above, but the following two points merit comment. a) There is a significant
contribution to the et spectrum from particles (e.g., n',u +,n) which appear stable
in ete” experiments, but must be allowed to decay in our case**). b) Energy loss
during propagation through the interstellar medium is significant for et's, unlike

the 5 case. The loss rate can be written as [32]

Je e
ot . - 3n E+ (U, )E
< 2¥n,+ 30 E+ (U 0 m,j 10 GeV<!

where Urad is the ambient photon energy density in chm‘3, and E is the et energy
in GeV. The four terms in (9) represent the energy losses due to ionization,
bremsstrahlung, inverse Compton scattering and synchrotron radiation respectively.
None of the terms is negligible for et's of energy E ~ 1 GeV in the galactic disc

(nH ~ 0.3 atoms cm™3, Urad ~ 2 eVem™3, Umag ~ 0.5 eVem™3). However, the et's spend
most of their time, and lose most of their energy, in the halo outside the disc,

where o, 0.0l atoms cm™?, Urad 0.25 eVem and Umag 0.05 eVem™, so that

inverse Compton scattering is dominant for E > L Gev. The et spectra produced in

xx ennihilation have been corrected for these energy losses assuming halo

*)
Similar Monte Carlo calculations of the et spectra have been made by Tylka and
Eichler [31], so our discussion here will be brief.

**)For ease of computation, we have neglected polarization effects on these decay
spectra, which could change them by a factor % 2.
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confinement*), and for the modulation by the solar wind [21], and then compared

with observation [18] te produce the et constraints on’%hﬁ§;: shown in Fig. 3. We
only use the data for Ee+ >2 GeV, since the model curées at lower energies rise
much more slowly than the observed et flux, so that the lower energy data would
give a less stringent bound on'?;h #%21'**). Qur “bounds"” were obtained by demand-
ing that the models give a smal;ér flux than a simple power-law fit to the data
above 2 GeV. We see that they are somewhat less stringent than the E limits.
Moreover, for the reasons discussed above, more care should be exercised in inter-
preting the et limits. For one thing, as mentioned above the diffusion of relati-
vistic cosmic ray nucleons may be energy-dependent [24], suggesting that relativis-
tic electrons could have an energy-dependent path length « E-0°5i0'1. Another
point is that there must be a secondary et yield from the nuclear interactions of
primary matter cosmic rays [33]. Therefore an anomalous e'/(e~+et) ratio also

could not be interpreted as a "smoking gun” for relic annihilations.

Finally, we discuss the y spectra from yx annihilation. As in the cases of
the E's and et's, we include in our y spectra f{E ) the decays of all unstable
particles. Clearly there are no energy losses on the way to the Earth. The confi-
nement time t in Eq. (1) is replaced by an integral over the line-of-sight which
depends on the galactic latitude b and longitude £ [34]). The y-~ray flux may be
approximated by

A (5) = G L Ty 5 {(E) a.I(b g)

) h
1.6x10° sz 0:* 'x> m, {(E Co(;;) |
T amssreV | 0.36Vand) \ 167,35 \Gev GV )

where we assume & halo density of the form

2 o, : .
a + r\ (11)

h
P’V%-Pfx q’*-l'f‘:‘

so that

*) The effect of neglecting energy losses in the dlsk is to overestimate somewhat
the positron flux.

)Thls would not be the case for smaller values of m but closure cannot be
reached for my g 5 GeV, and values of the slepton gnd squark masses which
conflict with experimental limits would be required to obtain closure for me < 3
GeV [15].
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2,
B+ T X@ b
I(b;?):"'- - =+ — o5 cqgﬂ-!'fq [-—-Cqsbcnsﬂ (12)
A LB A >

where a = rg/a and B? = 1+¢? - a?cos?bcos2f. The factor I(b,&) (12) varies between
1.24 (b = 90°: the galactic pole), 9.0l (b = 0°, £ = 0°: the galactic centre) and
0.61 (b = 0°, & = 180°: the anticentre). We show in Fig. 4 the y fluxes for
b = 90° and y = ¥ and h.

These predicted diffuse y-ray fluxes are to be compared with that observed
[35] for EY > (35 to 200) MeV, which consists of two components: an isotropic
component fitted by ¢ (E) = 2.8x10“8E“3'4cm“zs'lsr'lGeV'l, and a disc component
fitted by ¢ (E) = 2. SXIO'BE 1'6(sin|bl)"lcm_zs‘lsr'lGeV“l. The galactic disc
component dominates the observed background for E > 80(70) MeV at [b] = 90°(60°)
and is plotted in Fig. 4 for |b] = 90°, Since the slopes of the theoretical
spectra become equal to that of the background spectrum at energies E 2 0.1 GeV, we
compare theory with experiment in this range of energiles. Demanding that the
predicted flux spectra be bounded above by this disc component implies %h /aj7 kpc
< 5.3(14,69& for m; = 3(6,16) GeV, which is less stringent than the correéponding P
limit for 15 = 1. This is a conservative limii: e,g., taking account of the
angular dependence could improve our constraint on oYa, but this would require
knowledge of the halo density close to the core. Future experiments such as the

Gamma Ray Observatory (GR0O) will enable one to improve further this limit,

In addition to the broad band spectrum, it has been suggested [36] that there
might be significant DM annihilation into a vector meson V and a single photon,
thus producing a narrow—band photon spectrum that might be observable. The branch-
ing ratio for this process has been estimated [37] to be FVY/an ~ 2x107%
(3 GeV/m )2 for V = J/¢, and ~1.5x107° (10 GeV/m )2 for V = T, where FqE is the
total branchlng ratlo for % annihilation into the corre3pond1ng qq pair. Unfortu-
nately, we estimate that the signal/background for this process, relative to that
for the broad band, nl-produced y's, 1is (S/B)V/(S/B)ﬂg ~ 36(GeV/mx)2, thus only for

relatively light y does the narrow-—band signal look at all promising.

The new low—energy cosmic ray p limit [12] does not set, by itself, any
significant comstraint on relic halo particles. Current models could give a E
signal just below the new limit, but astrophysical uncertainties, especially in
containment time, render our predictions uncertain by some four orders of magni-
tude. Storage times in the halo could even be as long as ~1019 ¥, in which case
relic signatures should be present, though buried in the various backgrounds we
have discussed. We do not believe it will ever be possible to derive significant

limits on supersymmetric relic particles from cosmic ray E data alone. A possible
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strategy for future experiments is to combine 5 searches with those for et's and
y's. By ensuring that comparable sensitivities to a given relic candidate could be
attained for both p and et, one might circumvent some of the background problems.
The merit of the y search is to remove much of the uncertainty in containment time,

but disentangling a signal will require persistence.
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Table

Fit parameters describing the spectra obtained from the Monte Carle, with
mx = 10 GeV using the functiomal form dN/dx = Cﬁi_l AJ.exp(—Bjx).
1
c Ay B A,y By Az B3
p from b [(1—25/m)2()*(10-2/mx+0.151)] 181 39.1 |11.2 |13.2 | — | —
et from ¢ [9.67/mx+0.033] 378 42.4 [1l6.1 |11.5 —_ —
et from b 1.0 678 147 200 51.8 j11.6 [13.1
et from ¢ 1.0 537 160 187  |53.4 [23.1 |18.1
et from 1 1.0 3.49 | 5.42 [14.8 223 | — | —
y from b 1.0 989 63.6 |94.3 }18.5 — —
Yy from e 1.0 607 51.3 | 80.9 |16.3 — —
¥y from ¢ 1.0 15.8 7.61 5.45 ] 21.5 — -
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

1

2

3

4

Spectra of p's produced in relic xyx annihilations. The histogram is
the Monte Carleo [16] output for a ? welghing 10 GeV, and the sclid
curve 1ls the result of the corresponding fit (6) for mv = 10 GeV. The
dash-dotted curve is the result of the fit (6) for mﬁY= 10 GeV. Note
that it is softer than the y curve because hh + bb has a larger
branching fraction than ?? +» bb. The dotted curve is that of Stecker
and Rudaz [8] for m; = 10 GeV: their curve for g = 10 GeV would be a
factor 1.3 higher.

Ratios of p and p fluxes from different relic candidates, after modu-—
lation by the solar wind. Also shown 1s the recent upper limit on the
p flux from Ref. [12]. Previous measurements [26] at higher energies
are off-scale beyond the top of the figure. The curves are calculated

with the default options p: = 0.3 GeVem™3 [1l7] and 15 = 2x10}%g, The

solid/dotted/dashed/dash-dotted curves are for m? =3 GeV/m?
6 GeV/im~ = 10 GeV/mﬁ = 15 GeV.
Y

Upper limits on'shfﬁ:_ from the upper limit of Ref. [12] on the p
flux, for % = ? and E as functions of m . Also shown are "upper
limits” on'??#?ZI from measurements of the et cosmic ray flux above
2 GeV [18]. Lower-energy et data are not competitive for constraining

relics in the mass ranges considered here.

Fluxes of y's produced in relic yy annihilations calculated with the
default option p: = 0.3 GeVem™3 and a = 7 kpe. The solid/dotted/
dashed/dashed-dotted curves are for m? = 3 GeV/m¥ =6 GeV/m? = 16
GeV/mﬁ = 15 GeV. Also shown is the disc component of the cosmic y-ray

background [35].



T

TT T

Ly o

L

| I

[0°0

50°'0

01°9

0SS0

001

00°s

xp
NP



1°0

— L] v L _fﬂ — L] ﬁ T L) —. T d L] T
r' nu
N y
N i
\ “~, Y 4
. DY [
l!rl....u ||||| —————
[ PO S
- / ..u.- E
kY
- N %,
Y
- / .,..
,
8 . .
- ] = ? *
i A®D €T ~ .
o ) ™
- oo
.
79D 9

L
-
3 . |
— 1 -
. P T S " . . [ 1 . . ]

,-01

_OTXg

o1

oTIB1 XNiJ

_0T%g

¢-0T

_OTXS

o1

1

10



€ -8td

(A®9) xa
0°01 0°9

T T T T T T T T T T m-o

1 01
m"r

. . N
71 0°S 9
1 oror1
. 0°09

, : T . : 0007




1'0

T

LB |

punoidyoeq
o8TP

X
o1-01%S

6-01

_0Txg

g-01

_OT%§

o1



	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20

