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Light photinos as dark matter
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There are good reasons to consider models of low-energy supersymmetry with very light photinos and
gluinos. In most of these models the lightestR-odd, color-singlet state containing a gluino, theR0, has a mass
in the 1–2 GeV range and the slightly lighter photinog̃ would survive as the relicR-odd species. For the light
photino masses considered here, previous calculations resulted in an unacceptable photino relic abundance. But
we point out that processes other than photino self-annihilation determine the relic abundance when the photino
andR0 are close in mass. IncludingR0↔g̃ processes, we find that the photino relic abundance is most sensitive
to theR0-to-g̃ mass ratio, and within model uncertainties, a critical density in photinos may be obtained for an
R0-to-g̃ mass ratio in the range 1.2 to 2.2. We propose photinos in the mass range of 500 MeV to 1.6 GeV as
a dark matter candidate, and discuss a strategy to test the hypothesis.

PACS number~s!: 98.80.Cq, 11.30.Pb, 14.80.Ly
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I. INTRODUCTION

In this paper we study the early-Universe evolution a
freeze-out of light, long-lived or stable,R-odd states, the
photinosg̃ and the gluinog̃.1 In the type of models we con
sider, the photino should be the relicR-odd particle, even
though it may be more massive than the gluino. This is
cause below the confinement transition the gluino is bou
with a gluon into a color-singlet hadron, theR0, whose mass
~which is in the 1 to 2 GeV range when the gluino is ve
light @1,2#! is greater than that of the photino. Including pr
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viously neglected reactions associated with the gluino~more
precisely, associated with theR0!, we find that light photinos
may be cosmologically acceptable; indeed they are an attrac
tive dark-matter candidate.

In the minimal supersymmetric~SUSY! model, the mass
matrix of the charged and neutral SUSY fermions~gauginos
and Higgsinos! are determined by Lagrangian terms involv-
ing the Higgs chiral superfieldsH̃1 and H̃2 and the SU~2!
and U~1! gauge superfieldsW̃a and B̃ plus soft
supersymmetry-breaking terms. This leads to a neutralino
mass matrix in the basis~B̃,W̃3,H̃ 1

0 ,H̃ 2
0) of the form
S M1 0 2mZcosb sinuW mZsinb sinuW

0 M2 mZcosb cosuW 2mZsinb cosuW

2m
Z
cosb sinuw mZcosb cosuW 0 2m

mZsinb sinuW 2mZsinb cosuW 2m 0

D . ~1!
Y

r
-

-
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HeremZ is the mass of theZ boson,uW is the Weinberg
angle,m is the coefficient of a supersymmetric mixing term
between Higgs superfields, and tanb is the ratio of the
vacuum expectation values of the two Higgs fields respo
sible for electroweak symmetry breaking. The SUS
breaking massesM1 andM2 are commonly assumed to be o
ordermZ or larger, and if the SUSY model is embedded in
grand unified theory, then 3M1/M255a1/a2.

*Electronic address: farrar@farrar.rutgers.edu
†Electronic address: rocky@rigoletto.fnal.gov
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The terms in the Lagrangian proportional toM1 andM2
arise from dimension-3 SUSY-breaking operators. Howeve
such SUSY-breaking terms are not without problems. It ap
pears difficult to break SUSY dynamically in a way that
produces dimension-3 terms while avoiding problems asso
ciated with the addition of gauge-singlet superfields@3#. In
models where SUSY is broken dynamically or spontaneousl

1R parity is a multiplicative quantum number, exactly conserved
in most SUSY models, under which ordinary particles haveR511
while new ‘‘superpartners’’ haveR521. Throughout this paper we
will assume thatR parity is exact so the lightestR-odd particle is
stable.
2990 © 1996 The American Physical Society
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53 2991LIGHT PHOTINOS AS DARK MATTER
in the hidden sector and there are no gauge singlets,
dimension-3 SUSY-breaking operators in the effective lo
energy theory are suppressed compared to SUSY brea
scalar masses by a factor of^F&/mPl , where ^F& is the
vacuum expectation value of some hidden-sector field. Th
dimension-3 terms do not contribute to the low-energy effe
tive Lagrangian. This would imply that at the tree level th
gluino is massless, and the neutralino mass matrix is gi
by Eq. ~1! with vanishing~00! and ~11! entries. However,
nonzero contributions to the gluino mass and the neutral
mass matrix come from two sources: radiative correctio
such as the top-quark–top-squark loops for the gluino a
neutralinos, and ‘‘electroweak’’ loops involving Higgsino
and/orW-inos andB-inos for the neutralinos~but not for the
gluino!.

The generation of radiative gaugino masses in the abse
of dimension-3 SUSY breaking was studied by Farrar a
Masiero @4#.2 From Figs. 4 and 5 of that paper one se
~takingm*40 GeV! that as the typical SUSY-breaking scala
massM0 varies between 100 and 400 GeV, the gluino ma
ranges from about 700 to about 100 MeV,3 while the
photino4 mass ranges from around 400 to 900 MeV. Th
estimate for the photino mass should be considered as me
indicative of its possible value, since an approximation f
the electroweak loop used in Ref.@4# is strictly valid only
whenm andM0 are much larger thanmW . The other neu-
tralinos are much heavier, and the production rates of
photino and the next-lightest neutralino inZ0 decay are con-
sistent with LEP bounds@4#.

Using the results of Ref.@4#, but additionally restricting
parameters so that the correct electroweak symmetry bre
ing is obtained, Farrar@2# found M0;150 GeV and esti-
mated theR0 lifetime. This allowed completion of the study
of the main phenomenological features of this scena
which was begun in Ref.@1#. The conclusion is that light
gluinos and photinos are quite consistent with present exp
ments, and result in a number of striking predictions@2#.
However, models with light gauginos have been wide
thought to be disallowed because it has been believed
the relic density of the lightest neutralino, usually referred

2See also@5# for general formulas. Earlier studies@6,7# of radia-
tive corrections when tree-level gaugino masses are absent inclu
another dimension-3 operator, the ‘‘A term.’’ They also assumed
model-dependent relations between parameters.
3Gluino masses quoted in@4# are values at the electroweak scal

at the hadronic scale the mass is larger due to renormalization g
running. Smallerm and largerM0 lead to smaller values of the
gluino mass. However 100 MeV is still the operative order of ma
nitude of the lower limit on the gluino mass at the hadronic sc
because a sufficiently light gluino at the hadronic scale leads to
unacceptably light pseudoscalar meson@1#.
4Upon diagonalization of the mass matrix, the physical neutral

states are a linear combination ofB̃0, W̃3, H̃ 1
0, andH̃ 2

0 . When the
gaugino submatrix elements are small, the lightest neutralino
linear combination ofW̃3 and B̃0 that is almost identical to the
SU~2!3U~1! composition of the photon, and thus is correctly calle
‘‘photino.’’
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as the lightest supersymmetric partner~LSP!,5 exceeds cos-
mological bounds unlessR-parity is violated@8,9#.

In this paper we point out that previous considerations of
the relic abundance have neglected the rather important in-
terplay between the photino and the gluino which can deter-
mine the final neutralino abundance if the photino and gluino
are both light, as they must be in models without
dimension-3 explicit SUSY-breaking terms. We find that
when gluino–photino interactions are included, rather than
being a cosmological embarrassment, these very light photi-
nos are an excellent dark matter candidate. In this paper we
discuss the decoupling and relic abundance of light photinos,
and the sensitivity of the result upon the parameters of the
SUSY models.

For the light masses studied here, freeze-out occurs well
after the confinement transition so the physical states must be
color singlets. Sinceg̃ is not a color singlet, below the con-
finement transition the relevant state to consider is the light-
est color-singlet state containing a gluino, which is believed
to be a gluon–gluino bound state known as theR0. The other
light R-odd states are more massive than these, and decay to
the two light ones with lifetimes much faster than the expan-
sion rate at freeze-out. The only other possible state of inter-
est is theS0, which is the lightestR-odd baryon, consisting
of the color-singlet, flavor-singlet stateudsg̃ @1,2,10#.

Since theg̃ is the lightestcolor-singlet R-odd state, it is
stable. TheR0 decays to a final state consisting of a photino
and typically one meson:R0→g̃p,g̃h, etc. The lifetime is
very uncertain, but probably lies in the range 1024 to 10210 s,
or even longer@2#.

While the predictions of Ref.@2# for R hadron and pho-
tino masses motivated the present work, the analysis we give
here is general and applies for other mass ranges as well. We
will see that the result is very sensitive to theratio of R0 and
photino masses, but rather insensitive to other parameters.
However, for concreteness the reader may wish to keep in
mind the mass ranges predicted in@2,4#:

g̃~gluino!:
g̃~photino!:

R0~ g̃g!:
S0~udsg̃!:

mg̃5100–600 MeV,
m5100–1400 MeV,
M51–2 GeV,
MS051.5–2 GeV.

~2!

The reaction rates that determine freeze-out will depend
upon theg̃ andR0 masses, the cross sections involving theg̃
andR0, and possibly the decay width of theR0 as well. In
turn the cross sections and decay width also depend on the
masses of theg̃, g̃, andR0, as well as the masses of the
squarks and sleptons. We will denote the squark or slepton
masses by a common mass scaleMS̃ ~expected to be of order
100 GeV!. Even if the masses were known and the short-
distance physics specified, calculation of the width and some
of the cross sections would be no easy task, because one is
dealing with light hadrons. Fortunately, our conclusions are
reasonably insensitive to individual masses, lifetimes, and
cross sections, but depend crucially upon theR0-to-g̃ mass
ratio. When we do need an explicit value of the photino mass
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5In this scenario, LSP is an ambiguous term: the gluino is lighter
than the photino, although the photino is lighter than theR0. Amore
relevant term would be LROCS—lightest R-odd color singlet.
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m or the masses of squarks and sleptons, we will parame
them by the dimensionless ratios

m8[
m

800 MeV
, mS[

MS̃

100 GeV
. ~3!

Although there are several undetermined parameters
our calculation, as mentioned above, the most important
rameter will be the ratio of theR0 mass to theg̃ mass:

r[
M

m
. ~4!

This is by far the most crucial parameter, with the relic abu
dance having an exponential dependence uponr . We find
that limits to the magnitude of the contribution to the prese
mass density from relic photinos requires6 r&2.2, while r
must be larger than about 1.2 if the photino relic density is
be significant. This narrow band ofr encompasses the larg
uncertainties in lifetimes and cross sections. If the mass r
is between about 1.6 and 2, then light-mass relic photi
dominate the Universe and provide the dark matter w
Vg̃;1.

In the concluding section we explore the proposal th
light photinos are the dark matter, and discuss possibili
for testing the idea. We lay the groundwork for this sugge
tion in the next section as we develop a new scenario
decoupling and freeze-out for the photinos and gluinos.
Sec. III we consider the cross sections and lifetimes use
Sec. IV to calculate the reaction rates relevant for the de
mination of the freeze-out abundance of the photinos~and
henceVg̃h

2!. In Sec. V we compare the reaction rates to t
expansion rate and estimate when photinos decouple.

II. SCENARIO FOR PHOTINO OR GLUINO FREEZE-OUT

The standard procedure for the calculation of the pres
number density of a thermal relic of the early-Universe is
assume that the particle species was once in thermal equ
rium until at some point the rates for self-annihilation a
pair-creation processes became much smaller than the ex
sion rate, and the particle species effectively froze out
equilibrium. After freeze-out, its number density decreas
only because of the dilution due to the expansion of
Universe.~For a discussion, see Ref.@11#.!

Since after freeze-out the number of particles in acomov-
ing volume is constant, it is convenient to express the nu
ber density of the particle species in terms of the entro
density, since the entropy in a comoving volume is also c
stant for most of the history of the Universe. The numb
density-to-entropy ratio is usually denoted byY. If a species
of massm is in equilibrium and nonrelativistic,Y is simply
given in terms of the mass-to-temperature ratiox[m/T as

Yeq~x!50.145~g/g* !x3/2 exp~2x!, ~5!

whereg is the number of spin degrees of freedom, andg
*
is

the total number of relativistic degrees of freedom in t

6Or elseR parity must be violated so the photinos decay.
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Universe at temperatureT5m/x. Well after freeze-outY(x)
is constant, and we will denote this asymptotic value ofY as
Y` .

If self-annihilation determines the final abundance of a
species,Y` can be found by integrating the Boltzmann equa-
tion ~an overdot denotesd/dt)

ṅ13Hn52^uvusA&~n22neq
2 !, ~6!

wheren is the actual number density,neq is the equilibrium
density,H is the expansion rate of the Universe, and^uv usA&
is the thermal average@12,13# of the annihilation rate.

There are no general closed-form solutions to the Boltz-
mann equation, but there are reliable, well tested approxima-
tions for the late-time solution, i.e.,Y` . Then with knowl-
edge ofY` , the contribution toVh2 from the species can
easily be found. Let us specialize to the survival of photinos
assuming self-annihilation determines freeze out.

Calculation of the relic abundance involves first calculat-
ing the value ofx, known asxf , where the abundance starts
to depart from the equilibrium abundance. Using standard
approximate solutions to the Boltzmann equation@11# gives7

xf5 ln~0.0481mPlms0!21.5 ln@ ln~0.0481mPlms0!#, ~7!

where we have usedg52 andg
*

510, and parametrized the
nonrelativistic annihilation cross section as^uvusA&5s0x

21.
In anticipation of the results of the next section, we use
s052310211m8

2m S
24 mb, and we findxf.12.31ln~m8

3/mS
4).

The value ofxf determinesY` :

Y`5
2.4xf

2

mPlms0
.7.431027m8

23mS
4. ~8!

OnceY` is known, the present photino energy density
can be easily calculated:rg̃5mng̃50.8m8 GeV3Y` 2970
cm23. When this result is divided by the critical density,
rC51.054h231025 GeV cm23, the fraction of the critical
density contributed by the photino isVg̃h

252.253108

m8Y` . ForY` in Eq. ~8!, Vg̃h
25167m 8

22m S
4 .

The age of the Universe restrictsVg̃h
2 to be less than one,

so formS51, the photino must be more massive than about
10 GeV if its relic abundance is determined by self-
annihilation.

But in this paper we point out that for models in which
both the photino and the gluino are light, freeze-out is not
determined by photino self-annihilation, but byg̃–R0 inter-
conversion. The basic point is that since theR0 has strong
interactions, it will stay in equilibrium longer than the pho-
tino, even though it is more massive. As long asg̃↔R0 in-
terconversion occurs at a rate larger thanH, then through its
interactions with theR0 the photino will be able to maintain
its equilibrium abundance even after self-annihilation has

7Freeze-out aficionados will notice that we use the formulas ap-
propriate forp-wave annihilation because Fermi statistics requires
the initial identical Majorana fermions to be in anL51 state@8#.
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frozen out.8

Griest and Seckel discussed the possibility that the re
abundance of the lightest species is determined by its in
actions with another species@14#. They concluded that the
mass splitting between the relic and the heavier particle m
be less than 10% for the effect to be appreciable. We find t
R0-g̃ interconversion determines theg̃ relic abundance even
though theR0 may be twice as massive as theg̃. The differ-
ence arises because Griest and Seckel assumed that all
sections were roughly the same order of magnitude. Bu
our case theR0 annihilation is about 1012 times larger than
other relevant cross sections.

Before we demonstrate that this scenario naturally occ
for the types of photino andR0 masses expected, we mu
determine the cross sections and decay width of the react
involving the photino and the gluino.

III. CROSS SECTIONS AND DECAY WIDTH

In this section we characterize the cross sections and
cay width required for the determination of the relic photin
abundance, and also discuss the uncertainties. We should
phasize that all cross sections are calculated in the nonr
tivistic ~NR! limit, and by ^•••& we imply that the quantity is
to be evaluated as a thermal average@12,13#. In the NR limit
a temperature dependence to the cross sections enters
annihilation proceeds through ap wave, as required if the
initial state consists of identical fermions@8#. For p-wave
annihilation, at low energy the cross section is proportion
to v2, wherev is the relative velocity of the initial particles
The thermal average reduces to replacingv2 by 6T/m, where
m is the mass of the particle in the initial state.

We now consider in turn the cross sections and width
the individual reactions discussed in the previous section

A. Self-annihilations and coannihilation

The first type of reactions we will consider are thos
which change the number ofR-odd particles.

R0R0→X. We will refer to this process asR0 self-
annihilation. At the constituent level the relevant reactio
are g̃1g̃→g1g and g̃1g̃→q1q̄, which are unsuppresse
by any powers ofMS̃ , and should be typical of strong inter
action cross sections. In the NR limit, we expect theR0R0

8Actually, interconversion can also play an important role in d
termining the relic abundance of heavier photinos. When the p
tino is more massive and freeze-out occurs above the confinem
phase transition, the analysis is similar to the one here; in fact
simpler because perturbation theory can be used to compute
relevant rates involving gluinos and photinos. Since the qualitat
relation between interconversion and self-annihilation rates is in
pendent of whether the gluino is free or confined in anR0, one can
get a crude idea of the required gluino-photino mass ratio,r , just by
using the analysis in this paper and scaling the results to the v
of m8 of interest. We concentrate on the light gaugino scena
because it is attractive in its own right, and also because itnaturally
producesr to a good approximation@2#. In a conventional SUSY-
breaking scheme fine-tuning is generally necessary to giver the
right value for the interconversion mechanism to play an import
role.
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annihilation cross section to be comparable to thep̄p cross
section, but with an extra factor ofv2, accounting for the fact
that there are identical fermions in the initial state, so anni-
hilation must proceed through ap wave.9 There is some
energy dependence to thep̄p cross section, but it is sufficient
to consider̂ uvusR0R0& to be a constant, approximately given
by

^uvusR0R0&.100v2 mb5600x21r21 mb, ~9!

where we have used for the relative velocityv256T/M56/
(rx), with x[m/T.

We should note that the thermal average of the cross sec
tion might be even larger if there are resonances near thresh
old. In any case, this cross section should be much large
than any cross section involving the photino, and will ensure
that theR0 remains in equilibrium longer than theg̃, greatly
simplifying our considerations.

g̃g̃→X. In photino self-annihilation at low energies the
final stateX is a lepton-antilepton pair, or a quark-antiquark
pair which appears as light mesons. The process involves th
t-channel exchange of a virtual squark or slepton between
the photinos, producing the final-state fermion-antifermion
pair. In the low-energy limit the massMS̃ of the squark or
slepton is much greater thanAs, and the photino-photino-
fermion-antifermion operator appears in the low-energy
theory with a coefficient proportional toei

2/M
S̃

2
, with ei the

charge of the final-state fermion.10 Also, as there are two
identical fermions in the initial state, the annihilation pro-
ceeds as ap wave, which introduces a factor ofv2 in the
low-energy cross section@8#. The resultant low-energy pho-
tino self-annihilation cross section is@8,9,15,16#

^uvusg̃g̃&58paem
2 (

i
gi
4 m

2

M
S̃

4

v2

3

.2.0310211x21@m8
2mS

24# mb, ~10!

where we have used for the relative velocityv256/x with
x[m/T, andqi is the magnitude of the charge of a final-
state fermion in units of the electron charge. For the light
photinos we consider, summing overe, m, and three colors
of u, d, ands quarks leads to(iq i

458/3.
g̃R0→X. This is an example of a phenomenon known as

coannihilation@14,17# whereby the particle of interest~in our
case the photino! disappears by annihilating with another
particle~here, theR0!. Of course coannihilation also leads to
a net decrease inR odd particles.

In all processes involving the photino–R0 interaction, the
leading tree-level short-distance operator containingg̃ andg̃
is l g̃

†lg̃q i
†qi1H.c., with coefficienteqigS/M S̃

2 . For three
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9In general the result is not so simple. For instance, in addition to
the term proportional tov2, the cross section also involves a term
proportional to the square of the masses of the initial and final
particles.
10The electric chargee and the strong chargegS are to be evalu-

ated at a scale of orderMS̃ , so in numerical estimates we use
aem51/128 andaS50.117.
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light quarks,(iq i
252. Thus we can estimate the cross se

tion for g̃R0→X in terms of theg̃ self-annihilation cross
section:

^uvusg̃R0&.
aS

aem

4

3

2

8/3

M

m

3

v2
^uvusg̃g̃&, ~11!

where the ratio ofa’s arises because the short-distance o
erator for coannihilation is proportional toei

2g S
2 rather than

ei
4 , the second factor is the color factor coming from th

gluino coupling, and the third factor comes from the ratio
(iq i

2/( iq i
4 for the participating fermions. We have replace

m2 appearing in Eq.~10! bymM, although the actual depen
dence onm andM may be more complicated. Finally, th
annihilation iss wave so there is nov2/3 suppression as in
photino self-annihilation.

Although the short-distance physics is perturbative, t
initial gluino appears in a light hadron, and there are co
plications in the momentum fraction of theR0 carried by the
gluino and other nonperturbative effects. For our purpose
will be sufficient to account for the uncertainty by includin
in the cross section and unknown coefficientA, leading to a
final expression

^uvusg̃R0&.1.5310210r @m8
2mS

24A# mb. ~12!

It is reassuring that if one estimates^uvusg̃R0& starting from
^uvusR0R0& a similar result is obtained. We find that coann
hilation will not be important unlessA is larger than 102 or
so, which we believe is unlikely.

B. g̃–R0 interconversion

In what we call interconversion processes, there is
R-odd particle in the initial as well as the final state. A
though the reactions do not of themselves change the num
of R-odd particles, they keep the photinos in equilibriu
with theR0’s, which in turn are kept in equilibrium through
their self-annihilations.

R0→g̃p. R0 decay can occur via, e.g., the gluino insid
the initial R0 turning into an antiquark and a virtual squar
followed by squark decay into a photino and a quark. In t
low-energy limit the quark-antiquark–gluino-photino verte
can be described by the same type of four-Fermi interact
as in coannihilation. One expects on dimensional ground
decay widthG0}aemaSM

5/M
S̃

4
. The lifetime of a free gluino

to decay to a photino and massless quark-antiquark pair
computed in Ref.@18#. However, this does not provide a ver
useful estimate when the gluino mass is less than the pho
mass.

The lifetime forR0 decay was studied in Ref.@2#. In an
attempt to account for the effects of gluino-gluon interactio
in theR0, necessary for even crude estimate of theR0 life-
time, the following picture was developed, based on the
proach of Altarelliet al. @19#: The R0 is viewed as a state
with a massless gluon carrying momentum fractionx, and a
gluino carrying momentum fraction~12x!,11 having there-

11Of course there should be no confusion with the fact that in
discussion of theR0 lifetime we usex to denote the gluon momen
tum fraction whereas throughout the rest of the paperx denotes
m/T.
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fore an effective massMA12x. The gluon structure func-
tion F(x) gives the probability in an intervalx to x1dx of
finding a gluon, and the corresponding effective mass for t
gluino. One then obtains theR0 decay width~neglecting the
mass of final-state hadrons!

G~M ,r !5G0~M ,0! E
0

12r22

dx~12x!5/2F~x! f ~1/rA12x!,

~13!

whereG0(M ,0) is the rate for a gluino of massM to decay to
a massless photino, andf (y)5[(12y2)(112y27y2120y3

27y412y51y6)124y3(12y1y2)log y] contains the
phase-space suppression which is important when the p
tino becomes massive in comparison to the gluino. Modeli
K6 decay in a similar manner underestimates the lifetime
a factor of 2 to 4. This is in surprisingly good agreemen
however, caution should be exercised when extending
model toR0 decay, because kaon decay is much less sen
tive to the phase-space suppression from the final-st
masses than the present case, since the range of interest
turn out to be r;1.2–2.2. For r in this range, taking
F(x);6x(12x) following the discussion in Ref.@2# leads
to an approximate behavior

GR0→g̃p52.0310214F ~r ! GeV@m8
5mS

24B#, ~14!

where F (r )5r 5(12r21)6, and the factorB reflects the
overall uncertainty. We believe a reasonable range forB is
1/30&B&3. Lattice QCD calculation of the relevant had
ronic matrix elements would allow a more reliable determ
nation ofB.

R0p↔g̃p. We will refer to these processes as photino-R0
conversion, since an initialR0 ~or g̃! is converted to a finalg̃
~or R0!. The short-distance subprocess in this reaction
q1g̃→q1g̃, again described by the same low-energy effe
tive operator as in coannihilation andR0 decay. At the had-
ronic level the matrix element forR0p→g̃X is the same as
for R0g̃→pX for any X, evaluated in different physical re-
gions. Thus the difference between the various cross secti
is just due to the difference in fluxes and final-state phas
space integrations, and variations of the matrix element w
kinematic variables. Given the crude nature of the analy
here, and the great uncertainty in the overall magnitude
the cross sections, incorporating the constraints of cross
symmetry are not justified at present. We will therefore u
the same form as for Eq.~12!, letting C parametrize the
hadronic uncertainty in this case:

^uvusR0p&.1.5310210r @m8
2mS

24C# mb. ~15!

We can point to one specific hadronic effect which is no
explicitly included in ~15!, but which is potentially impor-
tant. It is likely that near threshold there is a resonance~the
Rp! which would increase the cross section by a factor
4M R

2/G R
2 , whereMR is the mass andGR the width of the

resonance. This complicates matters because neither
resonance’s width nor its distance above threshold is know
If a resonance is important, it would also be necessary

the
-
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TABLE I. Cross sections and the decay width used in the calculation of the relic photino abundance. The
dimensionless parametersm8 andmS were defined in Eq.~3!, andF ~r ! was discussed below Eq.~14!. The
coefficientsA, B, andC reflect uncertainties involving the calculation of hadronic matrix elements.

Process Cross section or width

R0 self-annihilation: ^uvusR0R0& 600x21r21 mb
g̃ self annihilation: ^uvusg̃g̃& 2.0310211x21@m8

2mS
24# mb

Coannihilation: ^uvusg̃R0& 1.5310210r@m8
2m S

24A] mb
R0 decay: GR0→g̃p 2.0310214F ~r!@m8

5mS
24B] GeV

g̃–R0 conversion: ^uvusR0p& 1.5310210r [m 8
2m S

24C] mb
e

perform the thermal average over the resonance in a m
careful manner@13#. In order to take into account the poss
bility of such a resonance, we allowC to vary in the range
1&C&103. We will use detailed balance arguments whic
allow us to avoid using the inverse reaction,g̃p→R0p.

This completes the discussion of the lifetimes, cross s
tions, and their uncertainties. The results are summarize
Table I.

IV. EARLY-UNIVERSE REACTION RATES

To obtain an estimate of when the rates will drop belo
the expansion rate, we will assume all particles are in lo
thermodynamic equilibrium~LTE!. In LTE a particle of mass
m in the NR limit has a number density

n5
g

~2p!3/2
~mT!3/2exp~2m/T!

5
g

~2p!3/2
~T/m!3/2m3exp~2m/T!. ~16!

Hereg counts the number of spin degrees of freedom, a
will be 2 for theR0 and theg̃.

H (the expansion rate).Of course all rates are to be com
pared with the expansion rate. In the radiation-domina
Universe withg

*
;10 degrees of freedom

H51.66g
*
1/2T2/mPl52.8310219x22@m8

2# GeV. ~17!

g̃g̃→X (photino self-annihilation).In the Boltzmann
equation for the evolution of theg̃ number density there are
terms accounting for photino self-annihilation and photin
pair production from light particles in the plasma. Assumin
the light annihilation products are in LTE, the terms are
the form

ṅg̃13Hng̃.2^uvusg̃g̃&@~ng̃ !22~ng̃
eq!2#. ~18!

If we assume that the photino is in equilibrium, the se
annihilation and pair production terms are equal, and we m
express the individual terms in the form

ṅg̃.23Hng̃7@^uvusg̃g̃&ng̃
eq#ng̃

eq, ~19!

where the upper sign is for self-annihilation and the low
sign is for pair production.

It is obvious that@ng̃
eq^uvusg̃g̃&# plays the role of a ‘‘rate’’

to be compared toH. If this rate is much greater thanH, the
self-annihilation or pair-production processes will ensure t
ore
i-

h

ec-
d in

w
cal

nd

-
ted

o
g
of

lf-
ay

er

he

photino is in equilibrium, while if the rate is much smaller
thanH, self-annihilation or pair production cannot enforce
equilibrium.

Therefore we define an equilibrium photino annihilation
rate byG~g̃g̃→X!5ng̃

eq^uvusg̃g̃&. Using Eq.~16! for the equi-
librium abundance and the annihilation cross section dis-
cussed in the previous section, we find

G~g̃g̃→X!5
2

~2p!3/2S TmD 3/2m3

3exp~2m/T!
2.0310211 mb

0.39 mb GeV2
x21@m8

2mS
24#

53.3310212x25/2 exp~2x!@m8
5mS

24# GeV.

~20!

R0R0→X (R0 self-annihilation). Determination of the
equilibrium rate forR0 self-annihilation proceeds in a similar
manner, yieldingG(R0R0→X)5nR0

eq^uvusR0R0&:

G~R0R0→X!5
2

~2p!3/2 S TM D 3/2M3

3exp~2M /T!
240x21r21 mb

0.39 mb GeV2

599r 1/2x25/2exp~2rx !@m8
3# GeV. ~21!

g̃R0→X ~g̃ coannihilation). In the Boltzmann equation
for the evolution of theg̃ density will appear a term
2nR0ng̃^uvusg̃R0&. Therefore the equilibrium coannihilation
rate for the decrease of theg̃ density is

G~g̃R0→X!5nR0
eq^uvusg̃R0&

52.5310211r 5/2x23/2exp~2rx !@m8
5mS

24#,

~22!

where we have again assumed the particles in the process ar
in equilibrium.

g̃p→R0 (inverse decay).If theR0 decay products~in this
caseg̃ andp! are in equilibrium, then the Boltzmann equa-
tion for the evolution ofR0 contains a term

ṅR013HnR0.2GR0→g̃p~nR02nR0
eq

!. ~23!

The first term on the right-hand side~RHS! represents decay,
while the second term represents ‘‘inverse decay.’’ Since in-
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TABLE II. The ratio of the equilibrium rates to the expansion rate for the indicated reactions. Shown in@•••# is the scaling of the rate
with unknown parameters characterizing the cross sections and decay width.

Process G/H

g̃ self-annihilation g̃g̃→X 1.23107x21/2exp(2x) @m8
3mS

24#

R0 self-annihilation R0R0→X 3.531020x21/2r 1/2exp(2rx) @m8#

Coannihilation g̃R0→X 8.93107x1/2r 5/2exp(2rx) @m8
3mS

24A#

Inverse decay g̃p→R0 7.13104x2r 3/2F (r )exp@2(r21)x# @m8
3mS

24B#

g̃–R0 conversion g̃p→R0p 9.63106x1/2r 5/2exp@2(r21)x#exp(20.175m8
21x) @m8

3/2mS
24C#
are

f

y

e

,

d

e
t

verse decay turns ag̃ into anR0, there will be an ‘‘inverse
decay’’ term in the equation for the evolution of theg̃ num-
ber density:

ṅg̃13Hng̃.2GR0→g̃p nR0
eq. ~24!

The RHS can be written asng̃
eq(nR0

eq/ng̃
eq)GR0→g̃p . Therefore

the inverse decay rate in the evolution of the photino num
density contributes a term

G~g̃p→R0!5GR0→g̃p~nR0
eq/ng̃

eq!

5GR0→g̃pSMmD 3/2 exp@2~M2m!/T#

52.0310214r 3/2F ~r !exp@2~r21!x#

3@m8
5mS

24B# GeV. ~25!

g̃p→R0p (photino–R0 conversion).It is easiest to obtain
this term by first considering the term in the equation forṅR0
due to the reverse process and then using detailed balan

ṅR0.2npnR0^uvusR0p&. ~26!

Since the photino–R0 conversion process creates ag̃ there is
a similar term inṅg̃ with the opposite sign. Now we can
write this in a form to calculate the rate forg̃ annihilation by

ṅg̃.2ṅR05npnR0^uvusR0p&5FnpnR0

ng̃
^uvusR0p&Gng̃. ~27!

Assuming equilibrium as before, the rate keeping theg̃ in
equilibrium can be expressed as

G~g̃p→R0p!5
nR0
eq

ng̃
eq np

eq^uvusR0p&

52.7310212r 5/2x23/2exp~20.175m8
21x!

3exp@2~r21!x#@m8
7/2mS

24C#. ~28!

Of course it is the ratio of the reaction rates to the expa
sion rate that will be used to estimate photino freeze-o
These ratios are given in Table II.

There are two striking features apparent when compar
the magnitudes of the equilibrium reaction rates in Table
The first feature is that the numerical factor inR0 self-
anihilation is enormous in comparison to the other numeri
ber

ce:

n-
ut.

ing
II.

cal

factors. This simply reflects the fact thatR0 annihilation pro-
ceeds through a strong process, while the other processes
all suppressed by a factor ofM

S̃

24
.

The other important feature is the exponential factors o
the rates. They will largely determine when the photino will
decouple, so it is worthwhile to examine them in detail.

The exponential factor ing̃ self-annihilation is simply
e2m/T, which arises from the equilibrium abundance of the
g̃. It is simple to understand: the probability of oneg̃ to find
another g̃ with which to annihilate is proportional to the
photino density, which contains a factor ofe2m/T in the NR
limit.

The similar exponential factor inR0 self-annihilation is
also easy to understand. AnR0 must find anotherR0 to an-
nihilate, and that probability is proportional toe2M /T5e2rx.

Coannihilation is also an exothermic process, so the onl
exponential suppression is the probability of ag̃ locating the
R0 for coannihilation, proportional to the equilibrium number
density ofR0, in turn proportional toe2M /T5e2rx.

In inverse decay the exponential factor ise2(r21)x

5e2(M2m)/T. The number density of target pions is
e2mp/T, so this factor is present. It is necessary for thep-g̃
collision to have sufficient center-of-mass energy to creat
the R0. This introduces an addition suppression of
e2(M2m2mp)/T. Combining the two exponential factors gives
the result in Table II.

Finally, pion catalysis of photino–gluino conversion in-
volves two exponential suppression factors. The first

e2mp/T5e20.175m8
21x represents the suppression in the pion

number density,12 and since the mass of theR0 is greater than
the mass of theg̃, there is an additionale2(M2m)/T suppres-
sion.

The factors ofx andr originate from three places: a factor
of x2 comes from dividing the rates byH, factors ofr andx
arise for preexponential factors in the number density, an
finally they may appear explicitly in the cross section or
decay width.

The equilibrium reaction rates divided byH are shown in
Figs. 1 and 2 forr51.25, 1.5, 1.75, and 2. In the figures we
have assumedm85mS5A5B5C51. Using the informa-
tion in Table II it is possible to scale the curves for other
values of the parameters.

V. ANALYSIS

Rather than integrate a complete reaction network for th
evolution and freeze-out of the photinos, we will assume tha

12At the temperatures of interest for decoupling, pions might be
cheap, but they are not free.
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the photinos remain in equilibrium so long as there is a
action depleting theg̃ abundance that is larger thanH. We
will then assume that as soon as the rate of the last s
reaction drops belowH, the photinos immediately freeze ou
and the photino-to-entropy ratio is frozen at that value. W
will call this approximation the ‘‘sudden’’ approximation.

We can get some idea of the accuracy of the sudden
proximation by considering a simple system involving on
photino self-annihilation. As discussed in Sec. II, there is

FIG. 1. Equilibrium reaction rates divided byH for r51.25 and
1.5, assumingm85mS51, and that the factorsA5B5C51. The
rates can be easily scaled for other choices of the parameters.

FIG. 2. The same as Fig. 1, but forr51.75 and 2.
re-

uch
t,
e

ap-
ly
a

well-developed formalism for calculating the self-
annihilation freeze-out of a NR species@11#. Using that for-
malism in Sec. II, Eq.~8! we findY`.7.431027.

Now let us computeY` using the sudden approximation.
From Fig. 1 or Fig. 2, we see thatG~g̃g̃→X)5H at x514.7,
independent ofr . We will denote byx

*
the value ofx when

G5H. Using the sudden approximation that theg̃ is in LTE
until x5x

*
and immediately freezes out would give a pho-

tino to entropy ratio of~again using 2 degrees of freedom
andg

*
510!

Y`5Yeq~x* !50.145~2/10!x
*
3/2exp~2x* !

5731027 ~using x*514.7!. ~29!

The agreement betweenY` obtained using the sudden
approximation, Eq.~29!, and the usual freeze-out calculation,
Eq. ~8!, suggests that the sudden approximation is a reaso
able point of departure for a first look at this phenomenon
Note, however, that the accuracy of the sudden approxima
tion when self-annihilation is the principal photino equilibra-
tion mechanism does not guarantee that it is an equally goo
approximation when interconversion is the important pro-
cess. The Boltzmann equation when photino self-annihilatio
dominates can be written@11#

dY

dx
5

2x^sg̃g̃uvu&s
H~m!

~Y22Yeq
2 !, ~30!

where Yeq~x! has the form given in Eq.~29! and
H(m)51.67g

*
1/2m2/mPl . This is to be contrasted with the

analogous expression when interconversion dominates:

dY

dx
5

2x^sg̃p→R0puvu&s
H~m!

~Y2Yeq!Yp . ~31!

Here,Yp is the equilibrium pion to entropy ratio:

Yp~x!50.145~3/2!~2/10!~rp!x3/2exp~2rpx!. ~32!

We have introducedrp[mp/m50.175m 8
21 , and included

the factor~3/2! because the pion has three flavor3spin de-
grees of freedom in comparison to the photino’s two. The

FIG. 3. Vg̃h
2 as a function ofx* assuming the photino stays in

equilibrium until x* and immediately decouples~the sudden ap-
proximation!.
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TABLE III. The value of Vg̃h
2 assuming freeze-out atx5x* . Vg̃h

251 occurs aroundx*520, and
Vg̃h

251022 aroundx*525. In the table we have takenm851.

x* 12 14 16 18 20 21 22 24 25 26 28 30

Vg̃h
2 1660 283 47 7.6 1.2 0.5 0.2 0.03 0.01 0.004 0.0007 1026
n

n-
difference in these forms, in particular the much weaker e
ponential dependence onx for Yp compared toYeq, is
largely responsible for the shallower slope of the interco
version and inverse-decay curves as compared to the s
annihilation curves in Figs. 1 and 2. This shallower slop
means that the quality of the sudden approximation in th
case is inferior to the self-annihilation case, but probably n
significantly in comparison to the large uncertainty due
our present poor knowledge of the cross sections. Clo
examination of this question is in progress@20#.

Now we proceed using the sudden approximatio
Given x

*
, we wish to determineVg̃h

2. It is, of course, a
x-

n-
elf-
e
is
ot
to
ser

n.

very sensitive function ofx
*
: Vg̃h

252.253108 @m8#Y`

56.53106 @m8#x *
3/2 exp~2x

*
!. The dependence ofVg̃h

2

uponx
*
is shown in graphical form in Fig. 3, with specific

values presented in Table III.
Since the age of the universe restrictsVg̃h

2 to be smaller
than unity,x

*
must be larger than 20. In order for the relic

photinos to be dynamically interesting in structure evolutio
Vg̃h

2 must be larger than 1022, which obtains forx
*

&25.
Photinos would dominate the mass of the Universe ifVg̃h

2

*0.03,13 which would result if x
*

524. For Vg̃51 and
h;1/2, x

*
must be about 22. Thus we can summarize i

teresting values ofx
*
by
x*&25;
x*&24;

20&x*&23;
x*&20;

Vg̃h
2*1022;

Vg̃h
2*0.03;

Vg̃h
2;0.9;

Vg̃h
2*1;

dynamically interesting role for photinos,
photinos dominate baryons,
photinos are the dark matter andVtot51,
disallowed by age arguments.

~33!
s

r

,
-

of

-

Now in turn,x
*
is exponentially sensitive tor5M /m, so

limits to the contribution to the present fromg̃ will be a
sensitive probe ofr .

From Figs. 2 and 3, we see that for the canonical choi
m85mS5A5B5C51, either the interconversion process
decay-inverse decay is the last photino reaction to be of
portance. It is impossible to say which one because of
uncertainties in the computation of the cross section and
decay width, so we shall consider both possibilities in tur

If interconversion determines the relic abundance and
make the sudden approximation then we can determineVg̃h

2

as a function of the unknown parameters. Such a graph
given in Fig. 4. From the graph we see thatVg̃h

2,1 can
result forr52.2 if we allowm 8

2m S
24C to be as large as 102.

We also see that a dynamically interesting value ofVg̃h
2 can

result forr as small as 1.2 ifm8
2mS

24C51022, although if the
interconversion rate is suppressed this much, it is likely
verse decay would govern freeze-out.

A similar calculation can be made assuming that inve
decay is the last operative reaction depleting the photin
The result of such an analysis is shown in Fig. 5. Forr*1.4
the behavior of the curves is similar to those in Fig. 5, but f
small r the effect of phase-space suppression becomes
portant.

In either case, the conclusion is that forr as large as 2.2,
it is possible to haveVg̃h

2&1; with our ‘‘central’’ choice of
parameters,@m8

3mS
24B]5[m 8

3/2m S
24C]51, r must be less

than 1.8 in order forVg̃h
2&1. A value ofr as small as 1.2

may result inVg̃h
2*1022; again with the central choice o

parameters the limit isr*1.6.
Although it apparently is not important for realistic pa
ces
or
im-
the
the
n.
we

is

in-

rse
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or
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rameters, we mention a possible special role for theS0,
udsg̃, the lightest baryon containing a gluino. Since theS0

has a nonzero baryon number, its abundance isnot given by
Eq. ~5! at low temperature because of the nonzero baryon
number of the Universe. So long as the strong interaction
are maintaining equilibrium between nucleons andS0’s, its
abundance should benS0;nNexp@2~MS02mN)/T], where
nN is the nucleon abundance andmN is the nucleon mass.
Thus at very low temperature its abundance will be large
than theR0 abundance, so the coannihilation and intercon-
version processesg̃S0→KN and g̃N→KS0 are a potential
sink of g̃’s which in principle could help keep theg̃ in equi-
librium. However, for realistic cross sections, this does not
seem to be important at the relevant temperatures. Likewise
although at low enough temperatures there are more nucle
ons than pions so thatGg̃N→R0N is larger thanGg̃p→R0p,
freeze-out has already occurred before the number density
nucleons begins to dominate that of pions.

VI. SUMMARY AND CONCLUSIONS

We have studied the reactions important for the decou
pling and freeze-out of photinos having massm less than
about 1.5 GeV. We have found that it is crucial to include the
interactions of the photino with theR0, the gluon-gluino

13Nucleosynthesis bounds the contribution from baryons to be
aboutVBh

2&0.03.
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bound state whose massM is expected to lie in the range 1 to
2 GeV. TheR0 has strong interactions and thus annihilat
extremely efficiently and stays in thermal equilibrium t
much lower temperatures. In this circumstance, phot
freeze-out occurs when the rate of reactions converting p
tinos toR0’s falls below the expansion rate of the Univers
The rate of theg̃–R0 interconversion interactions which
keeps photinos in thermal equilibrium~g̃p↔R0p) or R0

decay-inverse decay~g̃p↔R0!, depends on the densities o
photinos and pions, rather than on the square of the pho
density, as is the case for the self-annihilation process.
photinos of the relevant mass range~m;800 MeV!, the pion
abundance is enormous compared to the photino abunda
Therefore the photinos stay in equilibrium to much high
values ofx[m/T than they would if self-annihilation were
the only operative process, resulting in a smaller relic dens
for a given photino mass and cross section. We find using
sudden approximation that light photinos are cosmologica
acceptable for a range of 1.2&r[M /m&2.2. Within this
range, if 1.6&r&2, the photinos are an excellent dark matt
candidate. The precise range ofr for which the photino ac-
counts for the cold dark matter may shift when the sudd
approximation is improved and cross sections are be
known. However, the general conclusion is robust: light ph
tinos can account for the dark matter of the Universe fo
suitable value ofr , which is consistent with theoretical pre
dictions in an attractive class of SUSY-breaking mechanis
@2#.

Sinceg̃–R0 interconversion governs freeze-out, the usu
relation betweenVh2 and the relic’s annihilation cross sec
tion @21# is not valid. If inverse decay is the operative pro
cess, then there is no direct prediction for theg̃ scattering
cross section on matter.14 If g̃p↔R0p is the operative pro-

14Since the short-distance dynamics entering the matrix elem
for R0→g̃p is the same as for the scattering reactiong̃N→R0N,
these could in principle be related. At this time, however, we do n
have sufficient control of the hadron physics involved to make
quantitatively accurate theoretical prediction of the cross secti
from theR0 lifetime.

FIG. 4. Assumingg̃ freeze-out is determined byg̃–R0 conver-
sion, the figure shows as a function ofr the values of@m8

2m S
24C]

required to give the indicated values ofVg̃h
2. The uncertainty band

is generated by allowingm8 to vary independently over the rang
0.5<m8<2.
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cess, a quantitative solution of the Boltzmann equations can
be used to infer properties of this cross section. The cross
section of the process relevant for relic detection,g̃N↔R0N,
should be of the same order of magnitude. It will be signifi-
cantly smaller, more or less by a factorng̃(x*

)/np(x*
), than

the conventional cross section used in planning relic detec-
tion experiments.

Direct detection of low-mass relic photinos is more diffi-
cult than detection of high-mass~saym;50 GeV! photinos.
In addition the low cross section mentioned above, the aver-
age energy deposition iŝE&5m2MT^v

2&/(m1MT)
2 where

MT is the target mass. Thus existing and planned experi-
ments using relatively heavy targets are not well adapted to
this search. On the positive side, our photino is more likely
to have spin-independent couplings to nucleons than ex-
pected in the conventional picture@21#. This is because in the
SUSY-breaking mechanism which leads to the light photino
and gluino under discussion here, the off-diagonal terms in
the squark mass-squared matrix can be comparable to the
diagonal terms.15

Indirect detection via annihilation of gravitationally con-
centrated photinos@15,22#, for instance trapped in the Sun, is
unlikely. Because they are low-mass WIMP’s, evaporation is
much more efficient than in the high-mass case, and they do
not concentrate sufficiently.~And, of course, the cross sec-
tion is smaller than conventionally supposed.!

We also note that if theS0 is stable, there will be a relic
abundance of them, with an abundance relative to baryons
determined byMS0 andxS[MS0/TS , whereTS is the tem-
perature ofS0 freeze-out. TheS0 mass is expected to be
1.5–2 GeV, so let us defineMS051.5m1.5 GeV. Then

nS
nB

5
1

4 SMS0

mN
D 3/2 expF2

MS02mN

T G
5
1

4 S 1.5m1.5 GeV

0.94 GeV D 3/2 exp@2~120.6/m1.5!xS#, ~34!

where the factor14 accounts for the fact that theS
0 is a spin-

zero state and comes in just one flavor, whereas there are 4
spin3flavor degrees of freedom for the baryons. TheS0 self-
annihilation cross section should be comparable to that of the
R0, so ignoring the difference betweenR0 and S0 masses,
xS;rxRR, where xRR is the value of x at which
G~R0R0→X)/H51. From Figs. 1 and 2 we see that
rxRR;45, giving ns/nB;731029 for m1.551, and smaller
for largerm1.5. Since theS0’s are strongly interacting, even
this small an abundance may be detectable. They will be
more gravitationally concentrated than standard WIMP’s of
comparable mass because they dissipate energy through the
strong interactions, although they do not form atoms or bind
to nuclei.16

What, then, is the strategy for testing the proposal that
photinos with mass less than or about 1 GeV constitute the

ent

ot
a

ons

15See Ref.@2# for allowed ranges of the parameters determining
the squark mass-squared matrix,m, tanb, andM0 .
16If they were stable and could bind to nuclei, they would have

been detected in rare isotope searches@1#, so that possibility is
excluded.

e
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cold dark matter of the Universe? Of course if anR0 in the 1
to 2 GeV range could be excluded by laboratory search
our suggestion for the dark matter would also be exclud
Assuming, though, that these particles are discove
knowledge of experimentally accessible properties of
photino andR0 ~in particular, their masses, theR0 lifetime,
and the cross section forR0N→g̃N) coupled with detailed
numerical analysis of the freeze-out process, will allow
much more accurate prediction of the relic abundance t
has been possible here. Since the relic density is expo
tially dependent onr , which will one day be well deter-
mined, an accurate quantitative test of this idea will even
ally be possible.

In the meantime, theoretical work can elucidate the viab
ity of this proposal. In the class of SUSY-breaking mech
nisms relevant to this scenario, the parametersm, tanb, and
M0 , which will determine the photino and gluino masses, a
highly constrained@2#. For a specific model and paramet
choice, more accurate predictions for the photino and glu
masses can be made. With use of lattice gauge theor
should be possible to compute theR0 mass corresponding to
a given gluino mass, and thus to determiner for a given
model. Lattice gauge calculations could also in principle d
termine the masses of the otherR hadrons and the hadroni
matrix elements for theR0–g̃ interconversion reactions. Fo
instance, knowledge of the mass of theRp would allow one
to better modelsg̃p for given squark masses. With mor
accurately fixed inputs, a full numerical solution of th
coupled Boltzmann equations would be justified.

FIG. 5. Assumingg̃ freeze-out is determined by decay-inver
decay, the figure shows as a function ofr the values of@m8

4mS
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required to give the indicated values ofVg̃h
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Therefore, the most important next steps are the follow-
ing.

~1! Look hard forR hadrons and other new particles pre-
dicted by this scenario. Planned kaon experiments may be
able to establish evidence for theR0, and possibly measure
its lifetime and mass, as well as the mass of the photino@2#.

~2! Do a better job fixing the parameters of the underlying
theory, as well as calculating the photino mass produced
through radiative corrections.

~3! Use lattice gauge theory to calculate theR0 mass and
check other predictions of this scenario such as the origin of
theh8 mass@2#.

~4! A more complete treatment modeling the photino
freeze-out is necessary@20#. An immediate question to ad-
dress is the quality of the sudden approximation used here.
When interconversion is the dominant process, the equation
governing the evolution of the photino density has a some-
what different form than in the self-annihilation case, for
which the quality of the sudden approximation is well estab-
lished.

~5! Obtain detailed predictions for the low energyg̃-
nucleus cross sections expected in this scenario, and find
effective detection techniques for light photinos.

At the very least we have shown that until the value ofr
is demonstrated to be larger than about 2.2, light photinos are
cosmologically acceptable. At best, we have described the
scenario for the production and survival of the dark matter of
the Universe.

While there is no shortage of candidates for relic dark
matter particle species, this proposal extends the idea that
photinos may be the dark matter to a previously excluded
mass range by incorporating new reactions that determine
the photino relic abundance. If this scenario is correct, direct
and indirect detection of dark matter might be even more
difficult than anticipated. However, the scenario requires the
existence of low-mass hadrons, which can be produced and
detected at accelerators of moderate energy. Thus particle
physics experiments will either disprove this scenario, or
make light photinos the leading candidate for dark matter.
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