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Cosmic-Ray Antiprotons as a Probe of a Photino-Dominated Universe
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Observational tests of the hypothesis that the universe is flat and dominated by dark
matter in the form of massive photinos include the production of significant fluxes of cosmic
rays and gamma rays in our galactic halo. Specification of the cosmological photino density
and the masses of scalar quarks and leptons determines the present annihilation rate. The
predicted number of low-energy cosmic-ray antiprotons is comparable to the observed flux.

PACS numbers: 94.40.Cn, 11.30.Pb, 14.80.Pb, 98.80.Bp

To commence, we adopt a minimal supersym-
metric model in which the lightest supersymmetric
particle is a photino (with a negligible admixture of
Higgs fermion). The thermally averaged annihila-
tion cross section for $y ff, where f is any quark
or lepton, is

One of the most important predictions of infla-
tionary cosmology is that the mean density 0, in
units of the critical Einstein-de Sitter value p„
=3Ha/8m G (where Ho is Hubble's constant), is

unity. ' Primordial nucleosynthesis constraints lim-
it the baryonic contribution Ob to be at most 0.2,
and several nonbaryonic weakly interacting particle
candidates have been proposed to make up the
discrepancy. Viable scenarios for galaxy formation
and clustering appear to require that the nonbaryon-
ic matter be cold at epochs when the horizon first
contained a mass comparable to that of a galaxy.
One of the more plausible particle ca
stable massive photino. We show h
are noteworthy observational tests of t
that there is a critical cosmologic
gigaelectronvolt photinos.

Our derivation proceeds as follows.
of 0 suffices to fix the photino annih
and specification of the various sca
lepton masses then fixes the photin
The low-energy limit of I then yield
tion rate in our galactic halo, which
consist of photinos. Accretion of
galactic halos is unavoidable in a
nated universe. We then find that
nihilation products of —3-GeV ph
halo include y rays, cosmic-ray positr
significantly, low-energy cosmic-ray
Following Gunn et al. and Stecker,
posed that gamma rays would be pr
servable amounts by photino
Zel'dovich et al. examined cosmic-r
as a constraint on the mass of a stabl
tral lepton, but the possibility of an
duction at a significant level has
been considered.
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(av) =87m Qfrf 4 +4 mf 2T m~ mf

$f $ y, m&f2 m&f3,
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where Qf and mf are the charge and mass of f,
ere that there mgf ] 2 3 are various functions of the masses of the

two scalar partners of f, and rf= (1 —mj/m- )'
al density of To obtain the total annihilation cross section, one

should sum over all quarks and leptons with mf
Specification 4 m„-. By following standard methods, ' this cross

ilation rate I, section can be used to compute a relic photino mass
lar quark and density. Requiring that this equal the critical densi-
o mass m-.4' ty (for 0~=50 km/s Mpc) gives a value for (o.u)

at the freeze-out temperature T., when the annihi-

assumed to lation rate per particle was equal to the expansion
photinos info rate. " (For values of (a.v) of interest here,

T.= —„m„-.) This needed value of (o-v)„ is

observable an- plotted versus m„- as the solid line in Fig. 1, with
otinos in our the subsequent heating of the relic photon back-

ons, and, most ground by other species of particles' taken into ac-
antiprotons. count. We see that we need a total (o.u) of about

Sciama pro- 10 cm /s. Also plotted in Fig. 1 for m,f t 2 3 50
oduced in ob- GeV is (o.u), as given by Eq. (1) (dashed line).
annihilations. The intersection of the two curves shows that scalar

ay production masses of 50 GeV and a photino mass of —2.8
e, heavy, neu- GeV would yield a critical density of relic photinos.
tiparticle pro- Decreasing (increasing) the scalar masses would

not previously move the dashed curve up (down).
Given m- and m,f~, we can compute the annihila-
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FIG. 1. The photino annihilation cross section neces-
sary to have 0 = 1 with h = —,, as a function of photino

mass (solid line); the annihilation cross section at the
freeze-out temperature for 50-GeV quark and lepton
scalars (dashed line); and the production cross sections
for antiprotons, positrons, and gamma rays with 50-GeV
scalars (dotted lines).

tion rate today. For m- ( 1.5 GeV, the annihilation

rate is negligible. For 1.8 GeV & m- & 5 GeV, the

primary annihilation products are v leptons and
charmed quarks. For m-) 5 GeV, the bottom-
quark mass, bottom quarks are also produced.
These particles will then decay to ordinary particles.
The annihilation products of most interest are e+,
p, and y. The total number of each type of particle
produced per yy annihilation can be estimated from
experimental results' on e+e r+v, cc, and
bb. We estimate the following yields of stable parti-
cles for each of the relevant channels:

yy ~ r+r ~ 1.5(e+e ) +0(Pp) + ly+ 5.5v,

yy cc 4(e+e ) + 0.2(Pp ) + 7y + 22v, (2)

yy ~ bb ~ 7.5(e+e ) + 0.3(pp) + 13y+41v.

With these numbers, the total production cross sec-
tions for e+, p, and y are plotted in Figs. 1 and 2.
These results are sensitive to the relative masses of
scalar quarks and leptons. Lighter scalar quarks and
heavier scalar leptons would cause the e+, p, and y
lines in Fig. 2 to move up, but not by more than a
factor of 3.

The energy distributions of the particles are hard-
er to estimate. We guess that each y has about
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FIG 2 The scalar quark and lepton masses (taken to
be equal) as a function of photino mass needed to have
& =1 with h = —, (solid line); the antiproton, positron,

and gamma-ray production cross sections with these
scalar masses (dotted lines); and the cross sections
necessary to reproduce the observed antiproton and posi-
tron fluxes with our halo parameters (dashed lines).

'I

/4

F~= dz 1+z ' p„gp yg
7T 0

cr y

=6.3X10 tti(rr&)2 g2b3m -2 (e ieo)3/2

(cm2 s sr) ', (3)
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twice the energy of each e
+-or v (m" yy vs

m
+-e +-vvv), and that the average kinetic energy

of a p or p is about the same as a typical y energy.
Decay products of r leptons (which account for
70% of all annihilation events below the b quark
threshold of —5 GeV and 58% above it, if all scalar
masses are equal) have higher average energies
than c or b quark decay products; we estimate e~= 0.2m- for y's from v decay. Decay products of c
and b quarks have a much softer spectrum; we esti-
mate a~=0.09m- for y's from c quark decay and

e~ = 0.05m- for y's from b quark decay.
Consider first the isotropic gamma-ray back-

ground. We integrate the volume emissivity
e„n„(o.v) ~ (-where n is the av-erage photino
number density and (a.v) „ is the production cross
section for a single y) over the red-shift range
1 ~ 1+z ~ e„/e„, where e„=f„m , f = 0.2, and-
~„ is the observed, red-shifted gamma-ray energy.

The resulting isotropic y-ray background flux
1S6, 7
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where (o.u) 26
= (a u) ~/(10 cm3 s ') and m 3

= m-/(3 GeV). This is some four orders of magni-
y

tude (with m-=3 GeV) below the observed iso-
y

tropic y-ray flux above 100 MeV, which amounts to
about' 0.9x10 (cm s sr)

However, cold dark matter cannot be prevented
from accreting into our galactic halo. The most na-
tural assumption is that our halo is made of pho-
tinos. The enhancement in flux from our halo rela-
tive to the isotropic background amounts to a factor—(pz/p) (a/ctp), where ph is the halo density
within the uniform-density halo core, of radius a.
For a more reliable estimate, the halo density dis-
tribution is specified by an analytic fit to a self-
consistent dynamical model, defined by measured
rotation velocity 2)2pp —= &/(200 km s ') and core ra-
dit1kw~p= a/(10 kpc), with pq given by

ph(r) = (u2/4m. Ga )(1+r /a )

hence the photino density in the halo core is

fl 0 = 0.09v20pa ~0 Pl 3 cm

More sophisticated models' yield a similar density
for pz(r) in the solar neighborhood. The halo y-
ray flux can now be expressed as

F"„=( )„nao2f dx (x2+a~) /4m

= 1.7 x 10 (au) 26~2ppa10 m3

(cm2 s sr) '. (5)

This cannot exceed the observed high-latitude y-ray
flux, whence we infer the weak bound

diffusion against magnetic field irregularities, and
thus the observable flux is boosted by a consider-
able factor. The cosmic-ray diffusion time in the
galactic disk is known to be of order 10 yr, but is
likely to be considerably longer in the halo. The
diffusion coefficient in most cosmic-ray confine-
ment models'6 lies in the range (1-10)x 102s
cm2 s '. Writing K =10 K» cm s ', we infer a
confinement time scale tz —(a /3)K —10 a &2pK29'

yr. Hence the annihilation fluxes of cosmic rays are
enhanced over the gamma-ray flux by a factor of
order ((au)/(o. v)~)et&/a We. focus on the cos-
mic-ray antiprotons and positrons to obtain the
most sensitive limits. Observations of p and e+ in
the range 0.1—1 GeV are subject to uncertainty be-
cause of solar modulation; however, the p/p and
e+/e ratios are reasonably well known.

There is some indication that primary cosmic-ray
antiprotons may already have been observed below
the kinematic threshold for secondary production of
about 2 GeV. In the demodulated energy range of
approximately 0.6-1.2 GeV, the observed p flux is'

F =3 x10 -6 (cm2 s sr)P

(0.6 & E & 1.2 GeV). (8)

A secondary origin cannot be excluded for the an-
tiprotons below 1 GeV, but the models become ex-
tremely contrived. ' The antiproton flux predicted
by halo photino annihilation is [with (a.w) 27= (o.u)-/(10 2 cm s ')]

P

F"=5x 10 -(av) 27u2ppfp ]a)p K29'm3

(a2)) 26 & 53m3a lp U2pp. (6) (cm s sr) ', (9)

A photino with mass —3 GeV yields an integral y-
ray flux above 100 MeV that is at least an order of
magnitude below that observed.

However, a substantial fraction of the y-ray ener-

gy flux will be in rather energetic gamma rays (from
the r decay channel) with energy 6~ = 0.2m-. This
may lead to a more significant prediction if m- & 3

GeV, since the observed isotropic gamma-ray spec-
trum appears to be very steep above 100 MeV. In
fact, if the number flux decreases as E per unit
of energy interval, as the data' suggest, over the
range 100 MeV & e & 1 GeV, we infer that

(a~) 26 —2 1a lp ~2p0

for 1.5 & m - & 5 GeV.
Cosmic-ray observations provide a more impor-

tant constraint on halo photinos than do y-ray ob-
servations. Cosmic rays are trapped in the halo by

where the factor f= 0.1fp t corrects for the fact that
only a fraction fof the annihilation p produced with
a mean energy of about 0.09m- lies in the ob-

y
served, demodulated energy range. Clearly, a
reasonable choice of parameters, and K» & 1, suf-
fices to produce the observed low-energy p flux
below 1 GeV.

The predicted positron flux is given by an expres-
sion similar to (9) but with a production cross sec-
tion approximately 30 times higher than (o.v)-
(Fig. 1). Now the observed flux is's e+/(e+
+e ) =0.2 over 0.1& E& 1 GeV, while the ab-
solute electron cosmic-ray density can be inferred
from the synchrotron ernissivity of the galaxy. The
interstellar e+ flux is approximately'

F, + = 1x10 (cm s sr)

(0.2 & E & 1 GeV). (10)
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The predicted flux of positrons amounts to [taking
(rru) 26= (a.u) /(10 Cm3 S 1)]

F + 5 x 10 (tr+) 26+200a10 +29 ~3

(cm2 s sr) ', (l l)

and is comparable to that observed.
In summary, we have found that reasonable

values of the masses of scalar leptons and quarks
can lead to a critical cosmological density of pho-
tinos and to predictions of observable fluxes of
cosmic-ray antiprotons and positrons, and high-
energy gamma rays. For scalar masses of —50
GeV and a photino mass of —3 GeV, plausible as-
sumptions about the parameters of our dark halo
yield an antiproton flux comparable to that ob-
served below the threshold for secondary produc-
tion in standard cosmic-ray propagation models.
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