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Eternal annihilations of light photinos
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In a class of low-energy supersymmetry models the photino is a natural dark-matter candidate. We inves-
tigate the effects of post-freeze-out photino annihilations that generate electromagnetic cascades and lead to
photodestruction of4He and subsequent overproduction of D and3He. We also generalize our analysis of
electromagnetic showers to include those from a generic dark-matter component whose relic abundance isnot
determined by the self-annihilation cross section.@S0556-2821~96!02618-5#

PACS number~s!: 95.35.1d, 14.80.Ly, 98.80.Cq, 98.80.Ft
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I. INTRODUCTION

There are good reasons to consider models of low-ene
supersymmetry@1# in which dimension-3 supersymmetry
breaking operators are highly suppressed. The low-ene
features and possible new signatures of such an attrac
form of supersymmetry breaking have been extensively o
lined by Farrar and Masiero@2#. In most of these models
photinos g̃ and gluinosg̃ are very light, and the lightest
R-odd particle1 may be a color-singlet state containing
gluino, theR0, with a massmR0 in the 1 to 2 GeV range.

It has been recently pointed out by Farrar and Kolb@3#
that a photinog̃ slightly lighter than theR0, in the mass
range 100 to 1400 MeV, would survive as the relicR-odd
species and might be an attractive dark-matter candidate.
deed, they found that it is crucial to include the interactio
of the photino with theR0. TheR0 has strong interactions
and thus annihilates extremely efficiently and remains
equilibrium to temperatures much lower than its mass.
these circumstances, photino freeze out isno longerdeter-
mined by self-annihilations into fermions pairsg̃g̃↔ f f̄
~which would result in an unacceptable photino relic abu
dance for such a low mass range!, but occurs when the rate
of reactions converting photinos toR0’s falls below the ex-
pansion rate of the Universe. The rate of theg̃↔R0 inter-
conversion interactions which keep photinos in equilibriu
(g̃p↔R0p or R0 g̃p↔R0), depends upon the densities o
photinos and pions, rather than on the square of the pho
density, as in the case for the self-annihilation processes.
photinos in the relevant mass range (mg̃ ;800 MeV!, the
pion abundance is enormous compared to the photino ab
dance. Therefore, the photinos stay in equilibrium to mu

*Electronic mail: rockyrigoletto.fnal.gov
†Electronic mail: riotto@fnas01.fnal.gov
1R parity is a multiplicative quantum number, exactly conserve

in most supersymmetric models, under which ordinary partic
haveR51 while their superpartners haveR521.
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higher values of x[mg̃ /T than they would if self-
annihilation were the only operative process, resulting in
smaller relic density for a given photino mass and cross se
tion. Light photinos with a mass in the range
1.2&r[mR0 /mg̃&2.2 are cosmologically acceptable and in
the range 1.6&r&2 are excellent dark matter candidates.

The aim of the present paper is to investigate whether
the scenario outlined in@3#, light photino self-annihilations
into fermion pairs have an impact on the successful pred
tions of standard big-bang nucleosynthesis even though s
annihilations are not relevant in determining the relic photin
abundance. The destructive high-energy photons comi
from the self-annihilation products of primordial photinos
includinge6, m6, andg ’s, may indeed cause photofission o
the primordially produced light nuclei@4#, upsetting the
agreement between big-bang nucleosynthesis and the
served element abundances.

According to the standard lore, the source of destructiv
high-energy photons may be neglected because se
annihilations ~SA’s! typically freeze out at a temperature
TSA;mg̃/15 @not to be confused with the freeze-out tempera
ture of the photino relic abundanceT*;mg̃ /(20225) deter-
mined byg̃↔R0 conversion#. For photino masses in the dan-
gerous range,mg̃ greater than a few MeV, this freeze ou
occurs well before the light elements first become vulnerab
to photodissociation at temperatures of about a few keV. B
this late epoch, any photons and electrons generated bef
freeze out have harmlessly thermalized. However, aft
freeze out, occasional self-annihilations still may take plac
Although rare on the expansion time scale, residual annih
lations continue to produce high-energy photons well aft
nucleosynthesis ends, thereby placing the survival of t
light nuclei in jeopardy@5#.

We explore below the consequences of these eternal lig
photino self-annihilations by computing the residual annih
lation rate and the corresponding photofission yields. Th
typical feature of the model at hand is that the productio
rate of dangerous high-energy photons and the relic abu
dance of light photinos arenot determined by the same cross
section, the former being dependent on the light-photin
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54 3723ETERNAL ANNIHILATIONS OF LIGHT PHOTINOS
thermally averaged self-annihilation cross section^sSAuvu&
and the latter by theg̃↔R0 conversion rate. We then gene
alize our analysis to any case in which the relic abundanc
a generic dark-matter candidateX is not determined by its
self-annihilation cross section, as assumed in Ref.@5#, but
rather by some other generic processes, a typical case b
the presence of a slightly heavier particleX8 ~e.g., theR0 in
Ref. @3#! with relative interconversion processesX↔X8
~usually called coannihilation@6#!.

II. ETERNAL ANNIHILATIONS

In the Boltzmann equation@7# for the evolution of the
g̃-number density there are several terms, including pho
self-annihilation (g̃g̃↔X), coannihilation (g̃R0↔X), in-
verse decay (g̃pp↔R0), and photino-R0 conversion
(g̃p↔R0p) ~see Refs.@3# and@8# for a detailed analysis!. In
this section we are only interested in the terms in the Bo
mann equation which may provide a source for destruc
electromagnetic cascades at low temperatures.

There are two freeze-out times of importance in our pr
lem. The first is the freeze-out time of photino se
annihilation. We will define this time as the time when t
reaction rate forg̃g̃↔X becomes smaller than the expansi
rate, H51.66g

*
1/2T2/MPl54.4310219x22(mg̃ /GeV) GeV,

with g* the relativistic degrees of freedom at temperat
T, and x5mg̃ /T. We denote this time astSA. The other
freeze-out time is when thetotal rate for photino creation o
destruction becomes smaller thanH. We denote this time by
t* . In previous considerations of eternal annihilations it w
assumed that freeze out is determined by self-annihilat
i.e., tSA5t* . However, as discussed above, in the lig
photino scenario developed by Farrar and Kolb the pho
remains in equilibrium aftertSA, i.e., t*.tSA.

We are interested in the epoch long after freeze o
t@t* , when the number density to the entropy density ra
Yg̃5ng̃ /s @with s5(2p2/45)g* ST

3 the entropy density a
temperatureT# has ceased to decrease significantly, i
Yg̃.Y`5constant fort@t* . The asymptotic value of the
photino-to-entropy ratio,Y` , may always be expressed
terms of the fraction of the critical density contributed by t
photino at the present epoch:

Vg̃ h25
rg̃

rC
52.83108S mg̃

GeVDY` , ~1!

whererC51.0531025h2 GeV cm23 is the present critica
density.

Well after the freeze out of the photino abundance,
change in time of the fraction of photino number dens
contributing to fermion-pair production is then given by

ṅg̃13Hng̃52^sSAuvu&Y`
2s2. ~2!

It is easy to check that for the temperature of interest h
T!T* , self-annihilation into fermion pairs is the domina
source for photino number density depletion so that Eq.~2!
actually describes the change in time of the whole phot
number density. Using the expression forY` from Eq. ~1!,
r-
e of

eing

tino

ltz-
ive

b-
lf-
e
on

re

as
ion,
t-
ino

ut,
tio

e.,

n
he

the
ity

re,
nt

ino

Eq. ~2! will be our starting point in the next sections t
analyze the influence of eternal self-annihilation on primo
dial nucleosynthesis.

III. ELECTROMAGNETIC CASCADES

Let us begin by examining the manner in which annihil
tions of light photinos into light leptons~electrons or muons!
generate electromagnetic cascades in the radiat
dominated thermal plasma of the early Universe@9#.

The epoch of interest for cascade nucleosynthesis
temperatures smaller than a few keV, by which time prod
tion of the light elements D, He, and Li by big-bang nucle
synthesis has completed. At this epoch, electron-posit
pairs are no longer in equilibrium and blackbody photon
gbb , constitute the densest target for electromagnetic c
cade development.

A cascade is initiated by a high-energy lepton~or photon!
coming from the self-annihilating photinos and develops ra
idly in the radiation field mainly by photon-photon pair pro
duction and inverse Compton scattering:

g1gbb→e11e2, e1gbb→e81g8. ~3!

When cascade photons reach energies too low for pair p
duction on the blackbody photons, the cascade developm
is slowed and further development occurs in the gas by
dinary pair production fromg scattering with nuclei of
chargeZ, but with electrons still losing energy mainly b
inverse Compton scattering in the blackbody radiation

g1Z→Z1e11e2, e1gbb→e81g8. ~4!

At high energies, the cascade develops entirely on the bla
body photons by photon-photon pair production and inve
Compton scattering. The characteristic interaction rates
these processes are much higher than the expansion rate
thus one can assume the cascade spectrum is formed
stantly. This spectrum is referred to as the ‘‘zer
generation’’ spectrum.

Sinceg2g elastic scattering is the dominant process in
radiation-dominated plasma for photons just below the pa
production threshold@10#, a primary photon or lepton trig-
gers a cascade which develops until the photon energies h
fallen below the maximum energyEmax(T).me

2/(22T) cor-
responding to the energy for which the mean-free pa
againstg2g scattering andg2g pair production are equa
@11#.

WhenEmax is less than the threshold for photodisintegr
tion of 4He nuclei~approximately 20 MeV!, cascade nucleo-
synthesis is inefficient. This condition restricts the epoch
cascade nucleosynthesis toT&0.5 keV. At temperatures be
tween about 1024 and 0.5 keV, where the subsequent ca
cade development is via ordinary pair production and inve
Compton scattering, the photons survive for a time det
mined by either the energy-loss rate for compton scatter
or the interaction rate for ordinary pair production in the ga
During this time they can produce light nuclei by photodi
integration. The electrons and positrons give rise to fir
generation photons as a result of inverse Compton scatte
These first-generation photons then produce the seco
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generation photons and so on. Each generation of photon
shifted to low energies because the inverse Compton sca
ing is in the Thompson regime and only one to two gene
tions of photons are sufficiently energetic to induce casca
nucleosynthesis.

At T&1024 keV, when interaction times become large
than the Hubble time, only the zero-generation photons
produced and the effectiveness of the cascade nucleosyn
sis diminishes asT drops.

A detailed numerical cascade calculation including all th
effects has been recently performed by Protheroeet al. @12#
to find the number of deuterium and3He nuclei produced by
the cascade initiated at a redshiftz. It was shown that be-
cause of the almost instant formation of the zero-generat
spectrum, the exact shape of theg-ray or electron injection
spectrum is of no consequence for further cascade deve
ment, and only the total amount of injected energy is re
evant. The epoch of cascade nucleosynthesis is limited
Tmax andTmin . The maximum temperature is determined b
the condition that the maximum energy of photons in th
cascade spectrum,Emax, must be larger than the threshol
for D or 3He production on4He,Emax.20 MeV. This con-
dition results inTmax.0.57 keV. The effectiveness of D and
3He production decreases asT decreases. The reason for tha
is not the decrease of the density of4He, but rather the
decrease in number of low-energy photons in the cascade
fact, the lower the temperature, the higher the photon en
gies in the cascade, and therefore a smaller fraction of
photons in cascade nucleosynthesis@12#.

At T&Tmin.2.431024 keV the cascade photons can b
directly observed and the upper limit for the isotrop
g-ray flux at 102200 MeV is more restrictive for the cas
cade production than nucleosynthesis. Therefore, the m
effective epoch for cascade nucleosynthesis correspond
temperatures in the range 102420.5 keV @12#.

It was also shown that the role ofgg→gg scattering is
important for epochs with temperaturesT*1.231022 keV
when the scattered photons do not interact again with
target photons, but are just redistributed over the spectr
producing a small bump before the cut-off energyEmax.

IV. APPLICATION AND DISCUSSION

From the detailed analysis performed in Ref.@12#, the
number of3He and D nuclei produced by a single cascade
total energy E0 is N(3He);(0.121)E0 GeV21 and
N(D);(126)31023E0 GeV

21.
Let us imagine that eternal self-annihilation of light pho

tinos into lepton pairs are the only source of energetic c
cades. In such a case, the total fraction (3He1D!/H at the
present epoch is

3He1D

H
5 f cS mg̃

GeVD E dt
ṅg̃
c

nH
@N~3He,t !1N~D,t !#

52 f cS mg̃

GeVD E dt

nH
@N~3He,t !1N~D,t !#

3^sSAuvu&Y`
2s2, ~5!
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where f c is the fraction of massmg̃ transferred to cascade
energy,N(3He,t) andN(D,t) are the number of3He and D
nuclei produced at the timet per GeV by the total electro-
magnetic cascade@12#, nH is the hydrogen number density
per comoving volume andṅg̃

c represents the time derivative
of the photino number density per comoving volume.

Photino self-annihilations in which the final state is
lepton-antilepton pair involve thet-channel exchange of a
virtual slepton between the photinos, producing the fin
fermion-antifermion pair. In the low-energy limit the mas
ml̃ of the slepton is much greater than the total energy e
changed in the process and the photino-photino-fermio
antifermion operator appears in the low-energy theory with
coefficient proportional toei

2/m
l̃

2
, with ei the charge of the

final-state fermion. Also, as there are two identical fermion
in the initial state, the annihilation proceeds as ap wave,
which introduces a factorv2 in the low-energy cross section
@13#. The resultant low-energy photino self-annihilatio
cross section is@14#

^sSAuvu&58paem
2 (

i
ei
4
mg̃
2

m
l̃

4

v2

3
.2.3310211S T

mg̃
D

3S mg̃

GeVD 2S ml̃

100 GeVD 24

mb, ~6!

where we have used for the relative velocityv256/x and we
have summed overe and m assuming a common slepton
massml̃ for selectron and smuon scalar fields.

Recalling that for a radiation-dominated Univers
t50.301g

*
21/2(MPl /T

2), assuming the baryonic mass is 77%
hydrogen by mass, and making use of Eq.~2!, we have nu-
merically evaluated the time integral of the right-hand side
Eq. ~5! and obtained the present total fraction (3He1D!/H
generated by the electromagnetic showers induced by ete
photino self-annihilations into lepton-antilepton pairs:

3He1D

H
.9.4310212S f c

0.77VB
D ~Vg̃ h!2S ml̃

100 GeVD
24

.

~7!

The upper limit inferred from measurements of3He in me-
teorites and the solar wind~which requires making assump-
tions about stellar processing and galactic chemical evo
tion! is (3He1D!/H&1.131024 @15#. This bound translates
from Eq. ~7! into a lower limit on the slepton mass2

ml̃ *1.7S f c
0.77VB

D 1/4~Vg̃ h!1/2 GeV. ~8!

We notice that this lower bound on the slepton mass isinde-
pendentof the photino mass and thus holds for the entir
range of cosmological interest of the photino mas

2Note, however, that very recent measurements of D/H are clo
to (225)31024 @16# and, if such higher values for (3He1D!/H
were adopted, the upper limits we derive would be corresponding
higher.
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54 3725ETERNAL ANNIHILATIONS OF LIGHT PHOTINOS
1.6&r&2 @3#. Since the lower limit onml̃ given in Eq.~8!
is weaker than any other present experimental lower bo
on slepton masses, we may conclude that eternal s
annihilations of light photinos do not jeopardize the succe
ful predictions of primordial nucleosynthesis.

Now let us generalize our analysis to the case in wh
the relic abundance of a generic low-mass dark-matter c
didateX is determined by some processes other than its s
annihilation cross section into leptons, which we parametr
as ^sSAuvu&5s0(T/mX)

n, where we have assumed that e
ther s-wave (n50) or p-wave (n51) annihilations
dominate;3 it is straightforward to generalize to the cas
where both contribute. For instance, one can envisage
situation in which the dark-matter componentX is slightly
degenerate in mass with a particleX8 and that interconver-
sion processesX↔X8 keepX in equilibrium even after self-
annihilations have frozen out, regardless of the strength
the interactions governing theX8 abundance. This case i
rather different from the one analyzed in Ref.@5# where it
was assumed that the same cross section determines bo
self-annihilation rate and the relic abundance of theX par-
ticles.

By making use of Eqs.~2! and ~5!, we have evaluated
numerically the present fraction of (3He1D!/H generated by
electromagnetic cascades induced by eternal s
annihilations ofX’s into leptons. Adopting the upper limi
(3He1D!/H&1.131024 @15# we find

S s0

10238cm22D S mX

GeVD
21

&2.73107S f c
0.77VB

D 21

~VXh!22 for n50,

S s0

10238cm22D S mX

GeVD
22

&6.631012S f c
0.77VB

D 21

~VXh!22 for n51. ~9!

Once the model-dependent cross sections0 is known, one
can apply the above limits to find the appropriate bounds
the parameter space of the model.

So far we have been assuming that the generic da
matter componentX eternally self-annihilates only into
lepton-antilepton pairs. When hadronic channels are open
is produced by hadronic showers and this requires recon
eration of the constraint derived above. In fact, even if lig
photinos self-annihilate only into lepton pairs, the resulti
electromagnetic cascades will be effectively hadronic
Eg«g* GeV2, whereEg is the typical energy of a cascad
photon and«g is the energy of a blackbody photon. Furthe
more, there is always about a 1% probability for the virtu

3This may happen, for instance, when explicit sfermion mixi
@18# or CP-violating phases@19# in low-energy supersymmetric
models greatly enhance the self-annihilation cross-section of
lightest supersymmetric particles into fermions removing t
p-wave suppression.
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decay photon to convert into a quark-antiquark pair ov
threshold. Hence, hadronic showers will be generated
mX*1 GeV even ifX-particles do not have specific self
annihilation channels into quark pairs~see Reno and Secke
@5#!. Let us analyze the possible different channels in mo
details in the case of a light photino.

For mg̃*1 GeV pions may be produced copiusly sinc
we are above~multi! pion threshold. Pions generated at tem
peraturesT!1 MeV decay without thermalizing with the
surrounding gas and produce energetic photons and elect
@5#. This case, therefore, reduces to what was studied in
previous sections. However, for temperatures greater th
about 1 MeV the strong interaction rate is competitive, or
least non-negligible, compared to the pion decay rate. The
fore, long-lived pions may change the neutron-to-proton r
tio through processes such asp2p→np0 at the time~or just
after! the ratio is being fixed by weak interactions, resultin
in a shift of the primordial helium abundance. We can ma
an estimate of this shift in the following way. Making use o
Eq. ~1!, it is easy to show that the number of annihilations
photinos per baryon is

DYg̃

YB
52.331029g

*
21/2g* S

T1
22T2

2

mg̃YB

GeV21. ~10!

At the time the neutron-to-proton ratio is being fixed by th
weak interactions the temperature is about 0.5 MeV. Taki
T12T2;T1;0.5 MeV, we findDYg̃ /YB;1027. So, fol-
lowing Seckel and Reno@5#, we expect pions created by
light-photino annihilations to have a very small effect upo
the helium abundance. Since the deuterium abundance is
even later, pion interactions also have only a small effect
the deuterium abundance.

If photinos annihilate into protons and neutrons, the e
fects on the element abundances are more dramatic. As
cussed in detail by Dimopouloset al. @17#, the main effect is
the destruction of the ambient4He and the creation of D
~which is photodestroyed by electromagnetic shower!,
3He, 6Li, and 7Li. Even though the final light-element abun
dances may be found only by an extensive numerical ana
sis involving both hadronic and electromagnetic cascad
the constraints on the primordial abundance of6Li and 7Li
are so stringent@9# one might expect that the energy release
into nucleons by self-annihilation of photinos must be ve
small. Small numbers of nucleons may result either if th
photino is sufficiently light so that emission of quark pairs
phase-space suppressed, or if the self-annihilation cross
tion is small, which may happen if the virtual particles me
diating the process are very heavy.

In conclusion, we have investigated the effect on big-ba
nucleosynthesis predictions of a very light photino predict
in low-energy supersymmetry models in which dimension
supersymmetry breaking operators are suppressed@2#. We
have found that eternal photino self-annihilations into ferm
ion pairs that take place around 105 to 106 sec after the
big-bang cannot significantly alter the primordial abundanc
of light elements when taking into account the present e
perimental limits on the slepton masses.

g

the
he



A

3726 54EDWARD W. KOLB AND ANTONIO RIOTTO
We have also generalized our study to the case of a
neric dark-matter componentX whose relic abundance is no
determined by the self-annihilation cross section into le
tons, but by some other processes, e.g., co-annihilations w
a slightly heavier particleX8. Limits on the self-annihilation
cross section and mass of theX particle have been given by
requiring that electromagnetic cascades generated by
ge-
t
p-
ith

the

eternal self-annihilations of theX particle do not jeopardize
the predictions of the big-bang nucleosynthesis.
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