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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 ofHe and subsequent overproduction of D ditée. We also generalize our analysis of
electromagnetic showers to include those from a generic dark-matter component whose relic aburznce is
determined by the self-annihilation cross secti@0556-282(96)02618-5

PACS numbe(s): 95.35+d, 14.80.Ly, 98.80.Cq, 98.80.Ft

I. INTRODUCTION higher values ofx=m3/T than they would if self-
annihilation were the only operative process, resulting in a

There are good reasons to consider models of Iow—energgma”er relic density for a given photino mass and cross sec-

supergymmetr;{l] in whic_h dimension-3 supersymmetry- . Light photinos with a mass in the range
breaking operators are highly suppressed. The IOW'ener_gi’.ZSrEmRo/m;sz.Z are cosmologically acceptable and in
features and possible new signatures of such an attractiRe range 1.8r=<2 are excellent dark matter candidates.
form of supersymmetry breaking have been extensively out- The aim of the present paper is to investigate whether in
lined by Farrar and Masierf2]. In most of these models the scenario outlined ifi3], light photino self-annihilations
photinosy and gluinosg are very light, and the lightest jnto fermion pairs have an impact on the successful predic-
R-odd particlé may be a color-singlet state containing ations of standard big-bang nucleosynthesis even though self-
gluino, theR®, with a massmgo in the 1 to 2 GeV range.  annihilations are not relevant in determining the relic photino
It has been recently pointed out by Farrar and K@b  abundance. The destructive high-energy photons coming
that a photinoy slightly lighter than theR?, in the mass from the self-annihilation products of primordial photinos,
range 100 to 1400 MeV, would survive as the rdleodd includinge™, u*, andy’s, may indeed cause photofission of
species and might be an attractive dark-matter candidate. Iihe primordially produced light nuclej4], upsetting the
deed, they found that it is crucial to include the interactionsagreement between big-bang nucleosynthesis and the ob-
of the photino with theR®. The R® has strong interactions Served element abundances. _
and thus annihilates extremely efficiently and remains in According to the standard lore, the source of destructive
equilibrium to temperatures much lower than its mass. Ifigh-energy photons may be neglected because self-

these circumstances, photino freeze oundslongerdeter- ~ annihilations (SA's) typically freeze out at a temperature
< Tsa~my/15[not to be confused with the freeze-out tempera-

mined by self-annihilations into fermions pairgy« ff . . o o )
(which would result in an unacceptable photino relic abun-ture of the photino relic abundandg ~m /(20 25) deter

min 'v—R? conversioi. For photino m in the dan-
dance for such a low mass rangbut occurs when the rate ed byy<>R" conversion. For photino masses in the da

f i " hoti =%s falls below th gerous rangep; greater than a few MeV, this freeze out
of reactions converting photinos t''s falls eowo 1€ €X° occurs well before the light elements first become vulnerable
pansion rate of the Universe. The rate of thesR° inter-

s i - ; i =" to photodissociation at temperatures of about a few keV. By
conversion mteraEtlons which keep photinos in equilibriumpnis |ate epoch, any photons and electrons generated before
(ym—R%m or R° ym—R’), depends upon the densities of freeze out have harmlessly thermalized. However, after
photinos and pions, rather than on the square of the photingeeze out, occasional self-annihilations still may take place.
density, as in the case for the self-annihilation processes. F@{ithough rare on the expansion time scale, residual annihi-
photinos in the relevant mass range( ~800 MeV), the  |ations continue to produce high-energy photons well after
pion abundance is enormous compared to the photino abumucleosynthesis ends, thereby placing the survival of the
dance. Therefore, the photinos stay in equilibrium to muchight nuclei in jeopardy5].
We explore below the consequences of these eternal light-
photino self-annihilations by computing the residual annihi-
*Electronic mail: rockyrigoletto.fnal.gov lation rate and the corresponding photofission yields. The
"Electronic mail: riotto@fnas01.fnal.gov typical feature of the model at hand is that the production
IR parity is a multiplicative quantum number, exactly conservedrate of dangerous high-energy photons and the relic abun-
in most supersymmetric models, under which ordinary particlesdance of light photinos ameot determined by the same cross
haveR=1 while their superpartners hawe=—1. section, the former being dependent on the light-photino
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thermally averaged self-annihilation cross sect{oralv|)  Ed. (2) will be our starting point in the next sections to
and the latter by the« R® conversion rate. We then gener- analyze the influence of eternal self-annihilation on primor-
alize our analysis to any case in which the relic abundance diial nucleosynthesis.

a generic dark-matter candida¥is not determined by its

self-annihilation cross section, as assumed in Ref. but Ill. ELECTROMAGNETIC CASCADES

rather by some other generic processes, a typical case being
the presence of a slightly heavier parti¥é (e.g., theR? in
Ref. [3]) with relative interconversion processe&— X’
(usually called coannihilatiof6]).

Let us begin by examining the manner in which annihila-
tions of light photinos into light lepton@lectrons or muons
generate electromagnetic cascades in the radiation-
dominated thermal plasma of the early Univef8g

The epoch of interest for cascade nucleosynthesis has
Il. ETERNAL ANNIHILATIONS temperatures smaller than a few keV, by which time produc-
tion of the light elements D, He, and Li by big-bang nucleo-
5‘.ynthesis has completed. At this epoch, electron-positron
pairs are no longer in equilibrium and blackbody photons,
vpp, COnstitute the densest target for electromagnetic cas-

In the Boltzmann equatiof7] for the evolution of the
‘y-number density there are several terms, including photin
self-annihilation &y X), coannihilation R%-X), in-
verse decay Jwm—R%, and photinoR® conversion

~ : ; cade development.
(ym—R%r) (see Refs[3] and[8] for a detailed analysjsin L .
this section we are only interested in the terms in the Boltz- A cascade is initiated by a high-energy leplon photon

mann equation which may provide a source for destructivé®MN9 from the seli-annihilating photinos and develops rap-

electromagnetic cascades at low temperatures, idly in the radiation field mainly by photon-photon pair pro-

There are two freeze-out times of importance in our prob—ducuon and inverse Compton scattering:

lem. The first is the freeze-out time of photino self- L
annihilation. We will define this time as the time when the Y+ ypp—e te, etyp—e +y. 3

reaction rate foryy— X becomes smaller than the expansion ) .
rate, H=1.665Y2T2/M pj= 4.4 10‘19x‘2(m;/GeV) GeV, When cascade photons reach energies too low for pair pro-

with g, the relativistic degrees of freedom at temperatureducnon on the blackbody photons, the cascade development

T, andx=m/T. We denote this time ats,. The other :js slowed and ﬂérthpfr defvelopment oceurs 'T‘hthe g?g b% or-
freeze-out time is when thtetal rate for photino creation or Inary pair production fromy scattering with nuclei o
destruction becomes smaller thidn We denote this time by _chargeZ, but with electrpns.snll losing energy ”."a.'“'y by
t, . In previous considerations of eternal annihilations it wagVerse Compton scattering in the blackbody radiation

assumed that freeze out is determined by self-annihilation,

i.e., tsa=t, . However, as discussed above, in the light- y+Z—Z+e ' +e , etyp—e +y. 4
photino scenario developed by Farrar and Kolb the photino ] .
remains in equilibrium aftets,, i.e.,t, >tga. At high energies, the cascade develops entirely on the black-

We are interested in the epoch long after freeze outP0dy photons by photon-photon pair production and inverse
t>t, , when the number density to the entropy density raticcOMPton scattering. The characteristic interaction rates for
Y=z=ns/s [with s=(27%/45)g, <T3 the entropy density at these processes are much higher than the expansion rate and

Y Y . .
temperatureT] has ceased to decrease significantly, i.e.!NUS one can assume the cascade spectrum is formed in-
Y5=Y,.=constant fort>t, . The asymptotic value of the stantly._ This spectrum is referred to as the *“zero-
photino-to-entropy ratioY.., may always be expressed in 9eneration” spectrum.

terms of the fraction of the critical density contributed by the ~ Sincey— v elastic scattering is the dominant process in a
photino at the present epoch: radiation-dominated plasma for photons just below the pair-

production threshold10], a primary photon or lepton trig-
gers a cascade which develops until the photon energies have
> )Yw, ) fallen be_Iow the maximum energslm?)g(T):mﬁl(ZZ T) cor-
GeV responding to the energy for which the mean-free paths
againsty— vy scattering andy— vy pair production are equal
wherepe=1.05<10"%h2 GeV cm ™3 is the present critical [11]-
density. WhenE,, is less than the threshold for photodisintegra-
Well after the freeze out of the photino abundance, thdion of “He nuclei(approximately 20 Mey, cascade nucleo-
change in time of the fraction of photino number densitySynthesis is inefficient. This condition restricts the epoch of
contributing to fermion-pair production is then given by ~ cascade nucleosynthesisTe=0.5 keV. At temperatures be-
tween about 10* and 0.5 keV, where the subsequent cas-
_ cade development is via ordinary pair production and inverse
N5+3HN5= —(osalv|) Y25 (20 Compton scattering, the photons survive for a time deter-
mined by either the energy-loss rate for compton scattering
It is easy to check that for the temperature of interest heregr the interaction rate for ordinary pair production in the gas.
T<T, , self-annihilation into fermion pairs is the dominant During this time they can produce light nuclei by photodis-
source for photino number density depletion so that ). integration. The electrons and positrons give rise to first-
actually describes the change in time of the whole photingeneration photons as a result of inverse Compton scattering.
number density. Using the expression Hy from Eq. (1), These first-generation photons then produce the second-

P

Pc

Q- h? =2.8x10°
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generation photons and so on. Each generation of photons wghere f. is the fraction of massn; transferred to cascade
shifted to low energies because the inverse Compton scattegnergy V(3He,t) and V(D,t) are the number ofHe and D
ing is in the Thompson regime and only one to two generanuclei produced at the timeper GeV by the total electro-
tions of photons are sufficiently energetic to induce cascadmagnetic cascadgl2], ny is the hydrogen number density
nucleosynthesis. per comoving volume and?, represents the time derivative
At T=10“ keV, when interaction times become larger of the photino number density per comoving volume.
than the Hubble time, only the zero-generation photons are photino self-annihilations in which the final state is a
produced and the effectiveness of the cascade nucleosynthepton-antilepton pair involve the-channel exchange of a
sis diminishes a3 drops. virtual slepton between the photinos, producing the final
A detailed numerical cascade calculation including all thefermion-antifermion pair. In the low-energy limit the mass
effects has been recently performed by Prothebal.[12] 7 of the slepton is much greater than the total energy ex-
to find the number of deuterium arithe nuclei produced by changed in the process and the photino-photino-fermion-

the cascade initiated at a redshaft It was shown that be- antifermion operator appears in the low-energy theory with a
cause of the almost instant formation of the zero-generatio ZIm%, with e, the charge of the

A Boefficient proportional te;
spectrum, the exact shape of theay or electron injection . lstate fermion. Al th wo identical fermi
spectrum is of no consequence for further cascade develo |_nahs ate ?rmlon. hso, as_h_ler_e are two |den Ical fermions
ment, and only the total amount of injected energy is reI-mhF ﬁ.'nm% state, ]E e ar;n_l 'ﬁt'?n proceeds ap avave,
evant. The epoch of cascade nucleosynthesis is limited b, 13'C 1|_r;]tro uceia tatl:tar In the ov;/]-etnergy CI;OSS Sﬁ.(l:t'tc.m
Tmax @nd Tin. The maximum temperature is determined by . € resultant low-energy photino sel-annihiiation
the condition that the maximum energy of photons in the®r0SS section i§14]
cascade spectrunk, 5, must be larger than the threshold
for D or *He production on*He, E .20 MeV. This con- m2 2 T
dition results inT,,=0.57 keV. The effectiveness of D and (osalv|y=8ma2 > el — 5 =2.3x10° 11( —)
3He production decreases &slecreases. The reason for that ' my
is not the decrease of the density ®fle, but rather the
decrease in number of low-energy photons in the cascade. In %
fact, the lower the temperature, the higher the photon ener-
gies in the cascade, and therefore a smaller fraction of the
photons in cascade nucleosynthd4ig]. where we have used for the relative veloaif=6/x and we

At T=T,,,=2.4X10 * keV the cascade photons can be have summed ovee and u assuming a common slepton
directly observed and the upper limit for the isotropic massmy for selectron and smuon scalar fields.
y-ray flux at 16-200 MeV is more restrictive for the cas- Recalling that for a radiation-dominated Universe
cade production than nucleosynthesis. Therefore, the most 0.30]g;1’2(Mp,/T2), assuming the baryonic mass is 77%
effective epoch for cascade nucleosynthesis corresponds hydrogen by mass, and making use of E2), we have nu-
temperatures in the range 19- 0.5 keV[12]. merically evaluated the time integral of the right-hand side of

It was also shown that the role gfy— yy scattering is Eq. (5) and obtained the present total fractiotHe+D)/H
important for epochs with temperatur@s=1.2<x10 2 keV  generated by the electromagnetic showers induced by eternal
when the scattered photons do not interact again with thehotino self-annihilations into lepton-antilepton pairs:
target photons, but are just redistributed over the spectrum
producing a small bump before the cut-off enefgy,,. 3‘He+D~9 ax 10_12( fe ) 0= h 2( my \)4
H 0.7 (@3 h) 100 Ge '

)

The upper limit inferred from measurements #ie in me-
tieorites and the solar win@vhich requires making assump-
ions about stellar processing and galactic chemical evolu-
tion) is (*He+D)/H=1.1x 10 * [15]. This bound translates
from Eq. (7) into a lower limit on the slepton mass

mb, (6)

GeV/ | 100 GeV

IV. APPLICATION AND DISCUSSION

From the detailed analysis performed in REE2], the
number of*He and D nuclei produced by a single cascade o
total energy E, is N(®He)~(0.1-1)E, GeV™! and
MD)~(1-6)x10 3E, GeV 1.

Let us imagine that eternal self-annihilation of light pho-
tinos into lepton pairs are the only source of energetic cas- £ 1/4
cades. In such a case, the total fractiShi¢+D)/H at the my= 17(%) (Q5 )12 GeVv. (8)
present epoch is ' B

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

SHe+D ( my
=f
H C

H dt?[]\f(SHe,t)-i—N(D,t)]
H

GeV
m; dt °Note, however, that ver t ts of D/H [
_ y at 3 , , y recent measurements o are closer
B fc(GeV)f nH[M He.t) + MD.1)] to (2—5)x 10 * [16] and, if such higher values fofile+D)/H

2 5 were adopted, the upper limits we derive would be correspondingly
X(asav|)Yes?, B higher.
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1.6sr=<2 [3]. Since the lower limit orm7 given in Eq.(8)  decay photon to convert into a quark-antiquark pair over
is weaker than any other present experimental lower bounthreshold. Hence, hadronic showers will be generated if
on slepton masses, we may conclude that eternal selfny=1 GeV even ifX-particles do not have specific self-
annihilations of light photinos do not jeopardize the successannihilation channels into quark paifsee Reno and Seckel
ful predictions of primordial nucleosynthesis. [5]). Let us analyze the possible different channels in more
Now let us generalize our analysis to the case in whichdetails in the case of a light photino.
the relic abundance of a generic low-mass dark-matter can- For m;=1 GeV pions may be produced copiusly since
didateX is determined by some processes other than its selfwe are abovémulti) pion threshold. Pions generated at tem-
annihilation cross section into leptons, which we parametrizgperaturesT<1 MeV decay without thermalizing with the
as (osalv])=0oo(T/my)", where we have assumed that ei- surrounding gas and produce energetic photons and electrons
ther ss-wave (=0) or p-wave (=1) annihilations [5]. This case, therefore, reduces to what was studied in the
dominate® it is straightforward to generalize to the case previous sections. However, for temperatures greater than
where both contribute. For instance, one can envisage thabout 1 MeV the strong interaction rate is competitive, or at
situation in which the dark-matter componefitis slightly  least non-negligible, compared to the pion decay rate. There-
degenerate in mass with a particté and that interconver- fore, long-lived pions may change the neutron-to-proton ra-
sion processeX« X' keepX in equilibrium even after self- tio through processes such as p—n° at the time(or just
annihilations have frozen out, regardless of the strength céfter the ratio is being fixed by weak interactions, resulting
the interactions governing th¥’ abundance. This case is in a shift of the primordial helium abundance. We can make
rather different from the one analyzed in RES] where it  an estimate of this shift in the following way. Making use of
was assumed that the same cross section determines both @. (1), it is easy to show that the number of annihilations of
self-annihilation rate and the relic abundance of ¥h@ar-  photinos per baryon is

ticles.
By making use of Egs(2) and (5), we have evaluated
numerically the present fraction offle+D)/H generated by 9 -2
electromagnetic cascades induced by eternal self- % —2.3%x10 %~ Y3 Ti-T3 GeVv 1 (10)
annihilations ofX’s into leptons. Adopting the upper limit Yg | 9x " Oss m=Yg '
(3He+D)/H=1.1x 10~* [15] we find 7
oo my | 71 At the time the neutron-to-proton ratio is being fixed by the
(103gcm2) ( GeV) weak interactions the temperature is about 0.5 MeV. Taking
T;—T,~T;~0.5 MeV, we findAY5/Yg~10"". So, fol-
fo |7t - lowing Seckel and Rend5], we expect pions created by
=2.7x10 ) 7795) (Qxh)™2 for n=0, light-photino annihilations to have a very small effect upon

the helium abundance. Since the deuterium abundance is set
even later, pion interactions also have only a small effect on
0o my | 72 the deuterium abundance.

10 38%m 2/ | GeV If photinos annihilate into protons and neutrons, the ef-
fects on the element abundances are more dramatic. As dis-
cussed in detail by Dimopoulat al.[17], the main effect is
the destruction of the ambierfiHe and the creation of D
(which is photodestroyed by electromagnetic shoyyers
Once the model-dependent cross sectignis known, one  3He, °Li, and ’Li. Even though the final light-element abun-
can apply the above limits to find the appropriate bounds omlances may be found only by an extensive numerical analy-
the parameter space of the model. sis involving both hadronic and electromagnetic cascades,

So far we have been assuming that the generic darkhe constraints on the primordial abundance®bf and “Li
matter componentX eternally self-annihilates only into are so stringerft9] one might expect that the energy released
lepton-antilepton pairs. When hadronic channels are open, into nucleons by self-annihilation of photinos must be very
is produced by hadronic showers and this requires reconsiégmall. Small numbers of nucleons may result either if the
eration of the constraint derived above. In fact, even if lightphotino is sufficiently light so that emission of quark pairs is
photinos self-annihilate only into lepton pairs, the resultingphase-space suppressed, or if the self-annihilation cross sec-
electromagnetic cascades will be effectively hadronic iftion is small, which may happen if the virtual particles me-
E,e,= GeV?, whereE, is the typical energy of a cascade diating the process are very heavy.
photon anck , is the energy of a blackbody photon. Further-  In conclusion, we have investigated the effect on big-bang
more, there is always about a 1% probability for the virtualnucleosynthesis predictions of a very light photino predicted

in low-energy supersymmetry models in which dimension-3
supersymmetry breaking operators are suppref8edwWe
3This may happen, for instance, when explicit sfermion mixing have found that eternal photino self-annihilations into ferm-
[18] or CP-violating phased19] in low-energy supersymmetric ion pairs that take place around®l@ 1C° sec after the
models greatly enhance the self-annihilation cross-section of thbig-bang cannot significantly alter the primordial abundances
lightest supersymmetric particles into fermions removing theof light elements when taking into account the present ex-
p-wave suppression. perimental limits on the slepton masses.

fe

0.7M5

-1
56.6><1012< ) (Qyh)~2 for n=1. 9
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We have also generalized our study to the case of a geeternal self-annihilations of th¥ particle do not jeopardize
neric dark-matter componeMXtwhose relic abundance is not the predictions of the big-bang nucleosynthesis.
determined by the self-annihilation cross section into lep-
tons, but by some other processes, e.g., co-annihilations with ACKNOWLEDGMENTS
a slightly heavier particlX’. Limits on the self-annihilation
cross section and mass of theparticle have been given by E.W.K. and A.R. were supported by the DOE and NASA
requiring that electromagnetic cascades generated by thender Grant No. NAG5-2788.
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