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PHYSICAL REVIEW D 68, 063504 ~2003!
Superweakly interacting massive particle dark matter signals from the early Universe

Jonathan L. Feng, Arvind Rajaraman, and Fumihiro Takayama
Department of Physics and Astronomy, University of California, Irvine, California 92697, USA

~Received 10 June 2003; published 12 September 2003!

Cold dark matter may be made of superweakly interacting massive particles, super-WIMP’s, that naturally
inherit the desired relic density from late decays of metastable WIMP’s. Well-motivated examples are weak-
scale gravitinos in supergravity and Kaluza-Klein gravitons from extra dimensions. These particles are impos-
sible to detect in all dark matter experiments. We find, however, that super-WIMP dark matter may be
discovered through cosmological signatures from the early Universe. In particular, super-WIMP dark matter
has observable consequences for big bang nucleosynthesis and the cosmic microwave background~CMB!, and
may explain the observed underabundance of7Li without upsetting the concordance between deuterium and
CMB baryometers. We discuss the implications for future probes of CMB blackbody distortions and collider
searches for new particles. In the course of this study, we also present a model-independent analysis of entropy
production from late-decaying particles in light of Wilkinson microwave anisotropy probe data.

DOI: 10.1103/PhysRevD.68.063504 PACS number~s!: 95.35.1d, 26.35.1c, 98.80.Cq, 98.80.Es
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I. INTRODUCTION

Recently, we proposed that dark matter is made of su
weakly interacting massive particles~super-WIMP’s! @1#.
This possibility is realized in well-studied frameworks f
new particle physics, such as those with weak-scale su
symmetry or extra spacetime dimensions, and provide
qualitatively new possibility for nonbaryonic cold dark ma
ter.

The basic idea is as follows. Taking the supersymme
case for concreteness, consider models with high-scale
persymmetry breaking~supergravity models! and R-parity
conservation. If the lightest supersymmetric particle~LSP! is
the neutralino, with a mass and interaction cross section
by the weak scaleMweak;100 GeV–1 TeV, such model
are well known to provide an excellent dark matter can
date, which naturally freezes out with the desired relic d
sity @2,3#.

This scenario relies on the~often implicit! assumption that
the gravitino is heavier than the lightest standard model
perpartner. However, even in simple and constrained su
gravity models, such as minimal supergravity@4–7#, the
gravitino mass is known only to be of the order ofMweakand
is otherwise unspecified. Given this uncertainty, assume
the LSP is not a standard model superpartner, but the g
itino. The lightest standard model superpartner is then
next-lightest supersymmetric particle~NLSP!. If the Uni-
verse is reheated to a temperature below;1010 GeV after
inflation @8#, the number of gravitinos is negligible after re
heating. Then, because the gravitino couples only grav
tionally with all interactions suppressed by the Planck sc
MPl.1.231019 GeV, it plays no role in the thermodynamic
of the early Universe. The NLSP therefore freezes out
usual; if it is weakly interacting, its relic density will agai
be near the desired value. However, much later, after

t;
MPl

2

Mweak
3

;105 s–108 s, ~1!

the WIMP decays to the LSP, converting much of its ene
0556-2821/2003/68~6!/063504~10!/$20.00 68 0635
r-

r-
a

ic
u-

et

-
-

u-
r-

at
v-
e

a-
le

s

y

density to gravitinos. Gravitino LSP’s therefore form a si
nificant relic component of our Universe, with a relic abu
dance naturally in the desired range nearVDM.0.23 @9#.
Models with weak-scale extra dimensions also provide
similar dark matter particle in the form of Kaluza-Klei
~KK ! gravitons@1#, with Kaluza-Klein gauge bosons or lep
tons playing the role of the WIMP@10#. As such dark matter
candidates naturally preserve the WIMP relic abundance,
have interactions that are weaker than weak, we refer to
whole class of such particles as ‘‘super-WIMP’s.’’

WIMP decays produce super-WIMP’s and also release
ergy in standard model particles. It is important to check t
such decays are not excluded by current constraints.
properties of these late decays are determined by what
ticle is the WIMP and two parameters: the WIMP and sup
WIMP masses,mWIMP andmSWIMP. Late-decaying particles
in the early Universe cosmology have been considered
numerous studies@11–17#. For a range of natural weak-sca
values of mWIMP and mSWIMP, we found that WIMP
→SWIMP decays do not violate the most stringent exist
constraints from big bang nucleosynthesis~BBN! and the
cosmic microwave background~CMB! @1#. Super-WIMP
dark matter therefore provides a new and viable dark ma
possibility in some of the leading candidate frameworks
new physics.

Super-WIMP dark matter differs markedly from oth
known candidates with only gravitational interactions. Pre
ous examples include;keV gravitinos @18#, which form
warm dark matter. The masses of such gravitinos are de
mined by a new scale intermediate between the weak
Planck scales at which supersymmetry is broken. Su
heavy candidates have also been proposed, where the
matter candidate’s mass is itself at some intermediate s
between the weak and Planck scales, as in the cas
wimpzillas @19#. In these and other scenarios@20#, the dark
matter abundance is dominantly generated by gravitatio
interactions at very large temperatures. In contrast to th
the properties of super-WIMP dark matter are determined
only the known mass scalesMweak and MPl . Super-WIMP
dark matter is therefore found in minimal extensions of t
©2003 The American Physical Society04-1
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FENG, RAJARAMAN, AND TAKAYAMA PHYSICAL REVIEW D 68, 063504 ~2003!
standard model, and super-WIMP scenarios are there
highly predictive, and, as we shall see, testable. In addit
super-WIMP dark matter inherits its relic density fro
WIMP thermal relic abundances, and so is in the desi
range. Super-WIMP dark matter therefore preserves the m
quantitative virtue of conventional WIMP’s, naturally con
necting the electroweak scale to the observed relic dens

Here we explore the signals of super-WIMP dark mat
Because super-WIMP’s have interactions suppressed
MPl , one might expect that they are impossible to detect
fact, they are impossible to detect in all conventional dir
and indirect dark matter searches. However, we find sig
tures through probes of the early Universe. Although
super-WIMP dark matter scenario passes present constra
BBN and CMB observations do exclude some of thea priori
interesting parameter space withmWIMP ,mSWIMP;Mweak.
There may therefore be observable consequences for pa
eters near the boundary of the excluded region. Certa
given expected future advances in the precision of BBN
CMB data, some super-WIMP dark matter scenarios im
testable predictions for upcoming observations.

Even more tantalizing, present data may already sh
evidence for this scenario. Late decays of WIMP’s to sup
WIMP’s occur between the times of BBN and decouplin
They may therefore alter the inferred values of baryon d
sity from BBN and CMB measurements by~1! destroying
and creating light elements or~2! creating entropy@21#. We
find that the second effect is negligible, but the first may
significant. At present, the most serious disagreement
tween observed and predicted light element abundances
7Li, which is underabundant in all precise observations
date. As we will show below, the super-WIMP scenario na
rally predicts WIMP decay times and electromagnetic ene
releases within an order of magnitude oft'33106 s and
zEM[«EMYWIMP'1029 GeV, respectively. This unique
combination of values results in the destruction of7Li with-
out disrupting the remarkable agreement between deute
and CMB baryon density determinations@17#.

We then discuss what additional implications the sup
WIMP scenario may have for cosmology and particle ph
ics. For cosmology, we find that, if7Li is in fact being de-
stroyed by WIMP decays, bounds onm distortions of the
Planckian CMB spectrum are already near the required
sitivity, and future improvements may provide evidence
late decays to super-WIMP’s. For particle physics, the sup
WIMP explanation of dark matter favors certain WIMP a
super-WIMP masses, and we discuss these implications

II. SUPER-WIMP PROPERTIES

As outlined above, super-WIMP dark matter is produc
in decays WIMP→SWIMP1S, where S denotes one or
more standard model particles. The super-WIMP is ess
tially invisible, and so the observable consequences rely
finding signals ofSproduction in the early Universe. In prin
ciple, the strength of these signals depends on whatS is and
its initial energy distribution. For the parameters of great
interest here, however,S quickly initiates electromagnetic o
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hadronic cascades. As a result, the observable conseque
depend only on the WIMP’s lifetimet and the average tota
electromagnetic or hadronic energy released in the WI
decay@11–17,22#.

We will determinet as a function of the two relevant fre
parametersmWIMP and mSWIMP for various WIMP candi-
dates. These calculations are, of course, in agreement
the estimate of Eq.~1!, and so WIMP’s decay on time scale
of the order of 1 y, when the Universe is radiation-domina
and only neutrinos and photons are relativistic. In terms ot,
WIMP’s decay at redshift

z.4.93106F106 s

t G1/2

~2!

and temperature

T5F 90M
*
2

4p2t2g* ~T!
G 1/4

.0.94 keVF106 s

t G1/2

, ~3!

where M* 5MPl /A8p.2.431018 GeV is the reduced
Planck mass, andg* (T)529/4 is the effective number o
relativistic degrees of freedom during WIMP decay.

The electromagnetic energy release is conveniently w
ten in terms of

zEM[«EMYWIMP , ~4!

where«EM is the initial electromagnetic energy released
each WIMP decay, andYWIMP[nWIMP /ng

BG is the number
density of WIMP’s before they decay, normalized to t
number density of background photonsng

BG52z(3)T3/p2.
We define hadronic energy release similarly aszhad
[«hadYWIMP . In the super-WIMP scenario, WIMP velocitie
are negligible when they decay. We will be concerned mai
with the case whereS is a single nearly massless particle, a
so we define

ES[
mWIMP

2 2mSWIMP
2

2mWIMP
, ~5!

the potentially visible energy in such cases. We will det
mine what fraction ofES appears as electromagnetic ener
«EM and hadronic energy«had in various scenarios below. Fo
YWIMP , each WIMP decay produces one super-WIMP, a
so the WIMP abundance may be expressed in terms of
present super-WIMP abundance through

YWIMP5YSWIMP,t5YSWIMP,05
VSWIMPrc

mSWIMPng,0
BG

.3.0310212F TeV

mSWIMP
GFVSWIMP

0.23 G . ~6!

For «EM;ES;mSWIMP;Mweak, Eqs.~5! and ~6! imply that
energy releases in the super-WIMP dark matter scenario
naturally of the order of

zEM;1029 GeV. ~7!
4-2
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SUPERWEAKLY INTERACTING MASSIVE PARTICLE . . . PHYSICAL REVIEW D 68, 063504 ~2003!
We now consider various possibilities, beginning with t
supersymmetric framework and two of the favored sup
symmetric WIMP candidates, neutralinos and charged s
tons. Following this, we consider WIMP’s in extra dime
sional scenarios.

A. Neutralino WIMP’s

A general neutralinox is a mixture of the neutralB-ino,
W-ino, and Higgsinos. Writingx5N11(2 iB̃)1N12(2 iW̃)
1N13H̃u1N14H̃d , we find the decay width

G~x→gG̃!5
uN11u2cos2uW1uN12u2sin2uW

48pM
*
2

3
mx

5

mG̃
2 F12

mG̃
2

mx
2 G 3F113

mG̃
2

mx
2 G . ~8!

This decay width, and all those that follow, includes the co
tributions from couplings to both the spin63/2 and61/2
gravitino polarizations. These must all be included, as t
are comparable in models with high-scale supersymm
breaking.

There are also other decay modes. The two-body fi
statesZG̃ andhG̃ may be kinematically allowed, and three
body final states include,,̄G̃ andqq̄G̃. For the WIMP life-
times we are considering, constraints on electromagnetic
ergy release from BBN are well-studied@14,15,17#, but
constraints on hadronic cascades are much less certain@22#.
Below, we assume that electromagnetic cascades are
dominant constraint and provide a careful analysis of th
bounds. If the hadronic constraint is strong enough to eff
tively exclude two-body decays leading to hadronic ener
our results below are strictly valid only for the casex5g̃,
where x→gG̃ is the only possible two-body decay. If th
hadronic constraint is strong enough to exclude even th
body hadronic decays, such asg̃→qq̄G̃, the entire neu-
tralino super-WIMP scenario may be excluded, leaving o
slepton super-WIMP scenarios~discussed below! as a viable
possibility. Detailed studies of BBN constraints on hadro
cascades att;106 s may therefore have important implica
tions for super-WIMP’s.

With the above caveats in mind, we now focus onB-ino-
like neutralinos, the lightest neutralinos in many simple
pergravity models. For pureB-inos,

G~B̃→gG̃!5
cos2uW

48pM
*
2

mB̃
5

mG̃
2 F12

mG̃
2

mB̃
2 G 3F113

mG̃
2

mB̃
2 G . ~9!

In the limit Dm[mWIMP2mSWIMP!mSWIMP, G(B̃→gG̃)
}(Dm)3 and the decay lifetime is

t~B̃→gG̃!'2.33107 sF100 GeV

Dm G3

, ~10!

independent of the overallmWIMP , mSWIMP mass scale. This
threshold behavior, sometimes misleadingly described aP
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wave, follows not from angular momentum conservation,
rather from the fact that the gravitino coupling is dime
sional. For the caseS5g, clearly all of the initial photon
energy is deposited in an electromagnetic shower, so

«EM5Eg , «had.0. ~11!

If the WIMP is a B-ino, given values ofmWIMP and
mSWIMP, t is determined by Eq.~9!, and Eqs.~5! and ~11!
determine the energy releasezEM . These physical quantitie
are given in Fig. 1 for a range of (mSWIMP,Dm).

B. Charged slepton WIMP’s

For a slepton NLSP, the decay width is

G~ ,̃→,G̃!5
1

48pM
*
2

m,̃
5

mG̃
2 F12

mG̃
2

m,̃
2G 4

. ~12!

This expression is valid for any scalar superpartner decay
to a nearly massless standard model partner. In particula
holds for,̃5ẽ, m̃, or t̃, and arbitrary mixtures of the,̃L and
,̃R gauge eigenstates. In the limitDm[mWIMP2mSWIMP
!mSWIMP, the decay lifetime is

t~ ,̃→,G̃!'3.63108 sF100 GeV

Dm G4 mG̃

1 TeV
. ~13!

For selectrons, the daughter electron will immediately i
tiate an electromagnetic cascade, so

«EM.Ee , «had.0. ~14!

Smuons produce muons. For the muon energiesEm;Mweak

and temperaturesTt of interest,EmTt!mm
2 . These muons

therefore interact with background photons throughmgBG
→mg with the Thomson cross section for muons. The int
action time is

FIG. 1. Predicted values of the WIMP lifetimet and electro-

magnetic energy releasezEM[«EMYWIMP in the B̃ ~left! and t̃
~right! WIMP scenarios for mSWIMP51 GeV,10 GeV, . . . ,
100 TeV ~top to bottom! and Dm[mWIMP2mSWIMP

51 TeV,100 GeV, . . . ,100 MeV~left to right!. For the t̃ WIMP
scenario, we assume«EM5

1
2 Et .
4-3
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t int5@svng
BG#215F S 8pa2

3mm
2 D S 2z~3!Tt

3

p2 D G21

.731025 sFkeV

Tt
G3

. ~15!

This is typically shorter than the time-dilated muon dec
time (Em /mm)2.031026 s. The muon energy is, therefor
primarily transferred to electromagnetic cascades, and s

«EM.Em , «had50. ~16!

If muons decay before interacting, some electromagnetic
ergy will be lost to neutrinos, but in any case,«had'0, and
hadronic cascades may be safely ignored.

Finally, stau NLSP’s decay to taus. Before interactin
these decay toe, m, p0, p6, andn decay products. All of
the energy carried bye, m, andp0 becomes electromagnet
energy. Decaysp1→m1n also initiate electromagnetic cas
cades with energy;Ep1/2. Making the crude assumptio
that energy is divided equally among thet decay products in
each decay mode, and summing thee, m, p0, and half of the
p6 energies weighted by the appropriate branching rat
we find that the minimum electromagnetic energy produ
in t decays is«EM

min'1
3Et . The actual electromagnetic energ

may be larger. For example, for charged pions, following
analysis for muons above, the interaction time forp6gBG
→p6g is of the same order as the time-dilated decay ti
(Ep6 /mp6)2.631028 s. Which process dominates depen
on model parameters. Neutrinos may also initiate elec
magnetic showers if the rate fornnBG→e1e2 is significant
relative tonnBG→nn.

All of the t decay products decay or interact electroma
netically before initiating hadronic cascades. The hadro
interaction time for pions and kaons is

t int
had5@shadvnB#215@shadvhng

BG#21 ~17!

.18 sF100 mb

shadv
GF6310210

h GFkeV

Tt
G3

,

~18!

whereh is the baryon-to-photon ratio, and we have norm
ized the cross section to the largest possible value. We
that hadronic interactions are completely negligible, as th
are very few nucleons with which to interact. In fact, t
leading contribution to hadronic activity comes not from i
teractions with the existing baryons, but from decays
three-body and four-body final states, such as,ZG̃ and
,qq̄G̃, that may contribute to hadronic energy. However,
branching ratios for such decays are also extremely s
pressed, with values;1023–1025 @23#. In contrast to the
case for neutralinos, then, the constraints on electromagn
energy release are guaranteed to be the most stringent
constraints on hadronic energy release may be safely ign
for slepton WIMP scenarios.

Combining all of these results for stau NLSP’s, we fi
that
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«EM' 1
3 Et2Et , «had50, ~19!

where the range in«EM results from the possible variation i
electromagnetic energy fromp6 andn decay products. The
precise value of«EM is in principle calculable once the stau
chirality and mass, and the super-WIMP mass, are speci
However, as the possible variation in«EM is not great rela-
tive to other effects, we will simply present results below f
the representative value of«EM5 1

2 Et .
For slepton WIMP scenarios, Eq.~12! determines the

WIMP lifetime t in terms ofmWIMP andmSWIMP, andzEM is
determined by Eq.~5! and either Eq.~14!, ~16!, or ~19!.
These physical quantities are given in Fig. 1 in thet̃ WIMP
scenario for a range of (mWIMP ,Dm). For natural weak-scale
values of these parameters, the lifetimes and energy rele
in the neutralino and stau scenarios are similar. A signific
difference is that larger WIMP masses are typically requi
in the slepton scenario to achieve the required relic ab
dance. However, thermal relic densities rely on additio
supersymmetry parameters, and such model-depen
analyses are beyond the scope of this work.

C. KK gauge boson and KK charged lepton WIMP’s

In scenarios with TeV21-size universal extra dimensions
KK gravitons are super-WIMP candidates. The WIMP’s th
decay to graviton super-WIMP’s then include the 1st le
KK partners of gauge bosons and leptons.

For the KK gauge boson WIMP scenario, lettingV1

5B1cosuW
1 1W1sinuW

1 ,

G~V1→gG1!5
cos2uWcos2uW

1 1sin2uWsin2uW
1

72pM
*
2

3
mV1

7

mG1
4 F12

mG1
2

mV1
2 G 3F113

mG1
2

mV1
2 16

mG1
4

mV1
4 G . ~20!

For aB1-like WIMP, this reduces to

G~B1→gG1!5
cos2uW

72pM
*
2

mB1
7

mG1
4 F12

mG1
2

mB1
2 G 3

3F113
mG1

2

mB1
2 16

mG1
4

mB1
4 G . ~21!

In the limit Dm[mWIMP2mSWIMP!mSWIMP, the decay life-
time is

t~B1→gG1!'1.43107 sF100 GeV

Dm G3

, ~22!

independent of the overallmWIMP , mSWIMP mass scale, as in
the analogous supersymmetric case.

For KK leptons, we have
4-4
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G~,1→,G1!5
1

48pM
*
2

m,1
7

mG1
4 F12

mG1
2

m,1
2 G 4F213

mG1
2

m,1
2 G ,

~23!

valid for any KK lepton~or any KK fermion decaying to a
massless standard model particle, for that matter!. In the
limit Dm[mWIMP2mSWIMP!mSWIMP, the decay lifetime is

t~,1→,G1!'7.33107 sF100 GeV

Dm G4 mG1

1 TeV
. ~24!

In all cases, the expressions for«EM and«had are identical to
those in the analogous supersymmetric scenario.

KK graviton super-WIMP’s are therefore qualitative
similar to gravitino super-WIMP’s. The expressions f
WIMP lifetimes and abundances are similar, differing n
merically only byO(1) factors. We therefore concentrate o
the supersymmetric scenarios in the rest of this paper, w
the understanding that all results apply, withO(1) adjust-
ments, to the case of universal extra dimensions. A m
important difference is that the desired thermal relic den
is generally achieved for higher mass WIMP’s in extra
mensional scenarios that in the supersymmetric case.

III. BARYOMETRY

A. Standard BBN and CMB baryometry

Big bang nucleosynthesis predicts primordial light e
ment abundances in terms of one free parameter, the bar
to-photon ratioh[nB /ng . At present, the observed D,4He,
3He, and7Li abundances may be accommodated for bary
to-photon ratios in the range@24#

h10[h/1021052.6–6.2. ~25!

In light of the difficulty of making precise theoretical predi
tions and reducing~or even estimating! systematic uncertain
ties in the observations, this consistency is a well-kno
triumph of standard big bang cosmology.

At the same time, given recent and expected advance
precision cosmology, the standard BBN picture merits cl
scrutiny. Recently, BBN baryometry has been supplemen
by CMB data, which alone yieldsh1056.160.4 @9#. Obser-
vations of deuterium absorption features in spectra from h
redshift quasars imply a primordial D fraction of D/
52.7820.38

10.4431025 @25#. Combined with standard BBN cal
culations @26#, this yields h1055.960.5. The remarkable
agreement between CMB and D baryometers has two
implications for scenarios with late-decaying particles. Fi
assuming there is no fine-tuned cancellation of unrelated
fects, it prohibits significant entropy production between
times of BBN and decoupling. In Sec. III, we will show th
the entropy produced in super-WIMP decays is indeed n
ligible. Second, the CMB measurement supports determ
tions of h from D, already considered by many to be t
most reliable BBN baryometer. It suggests that if D and
other BBN baryometer disagree, the ‘‘problem’’ lies with th
other light element abundance—either its systematic un
tainties have been underestimated, or its value is modifie
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new astrophysics or particle physics. Such disagreem
may therefore provide specific evidence for late-decay
particles in general, and super-WIMP dark matter in parti
lar. We address this possibility here.

In standard BBN, the baryon-to-photon ratioh1056.0
60.5 favored by D and CMB observations predicts@26#

Yp50.247860.0010 ~26!

3He/H5~1.0360.06!31025 ~27!

7Li/H54.720.8
10.9310210 ~28!

at 95% confidence level~CL!, whereYp is the 4He mass
fraction. At present all7Li measurements are below the pr
diction of Eq. ~28!. The 7Li fraction may be determined
precisely in very low metallicity stars. Three independe
studies find

7Li/H51.520.5
10.9310210 ~95% CL!@27# ~29!

7Li/H51.7220.22
10.28310210 ~1s1sys!@28# ~30!

7Li/H51.2320.32
10.68310210 ~stat1sys,95% CL!@29#,

~31!

where depletion effects have been estimated and include
the last value. Within the published uncertainties, the obs
vations are consistent with each other but inconsistent w
Eq. ~28!, with central values lower than predicted by a fact
of 3–4. 7Li may be depleted from its primordial value b
astrophysical effects, for example, by rotational mixing
stars that brings lithium to the core where it may be burn
@30,31#, but it is controversial whether this effect is larg
enough to reconcile observations with the BBN predicti
@29#.

The other light element abundances are in better ag
ment. For example, for4He, Olive, Skillman, and Steigman
find Yp50.23460.002 @32#, lower than Eq.~26!, but the
uncertainty here is only statistical.Yp is relatively insensitive
to h and a subsequent study of Izotov and Thuan finds
significantly higher range 0.24460.002 @33#. 3He has re-
cently been restricted to the range3He/H,(1.160.2)
31025 @34#, consistent with the CMB1 D prediction of Eq.
~27!. Given these considerations, we view disagreement
4He and 3He to be absent or less worrisome than in7Li.
This view is supported by the global analysis of Ref.@26#,
which, taking the ‘‘high’’ Yp values of Izotov and Thuan
finds x2523.2 for 3 degrees of freedom, wherex2 is com-
pletely dominated by the7Li discrepancy.

B. Super-WIMP’s and the 7Li underabundance

Given the overall success of BBN, the first implication f
new physics is that it should not drastically alter any of t
light element abundances. This requirement restricts
amount of energy released at various times in the history
the Universe. A recent analysis by Cyburt, Ellis, Fields, a
Olive of electromagnetic cascades finds that the shaded
4-5
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gions of Fig. 2 are excluded by such considerations@17#. The
various regions are disfavored by the following conservat
criteria:

D low: D/H,1.331025 ~32!

D high: D/H.5.331025 ~33!

4He low: Yp,0.227 ~34!

7Li low: 7Li/H,0.9310210. ~35!

A subset of super-WIMP predictions from Fig. 1 is sup
imposed on this plot. The subset is for weak-scalemSWIMP
andDm, the most natural values, given the independent m
tivations for new physics at the weak scale. As discus
previously @1#, the BBN constraint eliminates some of th
region predicted by the super-WIMP scenario, but regio
with mWIMP ,mSWIMP;Mweak remain viable.

The 7Li anomaly discussed above may be taken as e
dence for new physics, however. To improve the agreem
of observations and BBN predictions, it is necessary to
stroy 7Li without harming the concordance between CM
and other BBN determinations ofh. This may be accom-
plished for (t,zEM);(33106 s,1029 GeV), as noted in
Ref. @17#. This ‘‘best fit’’ point is marked in Fig. 2. The
amount of energy release is determined by the requirem
that 7Li be reduced to observed levels without being co
pletely destroyed—one cannot therefore be too far from
‘‘ 7Li low’’ region. In addition, one cannot destroy or crea
too much of the other elements.4He, with a binding thresh-
old energy of 19.8 MeV, much higher than lithium’s 2
MeV, is not significantly destroyed. On the other hand, D
loosely bound, with a binding energy of 2.2 MeV. The tw

FIG. 2. The grid gives predicted values of the WIMP lifetimet

and electromagnetic energy releasezEM[«EMYWIMP in the B̃ ~left!

and t̃ ~right! WIMP scenarios formSWIMP5100 GeV, 300 GeV,
500 GeV, 1 TeV, and 3 TeV~top to bottom! and Dm[mWIMP

2mSWIMP5600 GeV, 400 GeV, 200 GeV, and 100 GeV~left to

right!. For thet̃ WIMP scenario, we assume«EM5
1
2 Et . The analy-

sis of BBN constraints by Cyburt, Ellis, Fields, and Olive@17#
excludes the shaded regions. The best fit region with (t,zEM);(3
3106 s,1029 GeV), where 7Li is reduced to observed levels b
late decays of WIMP’s to super-WIMP’s, is given by the circle.
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primary reactions are D destruction throughgD→np and D
creation throughg4He→DD. These are balanced in th
channel of Fig. 2 between the ‘‘low D’’ and ‘‘high D’’ re-
gions, and the requirement that the electromagnetic en
that destroys7Li not disturb the D abundance specifies t
preferred decay timet;33106 s.

Without theoretical guidance, this scenario for resolvi
the 7Li abundance is rather fine-tuned: possible decay tim
and energy releases span tens of orders of magnitude,
there is no motivation for the specific range of paramet
required to resolve BBN discrepancies. In the super-WIM
scenario, however, botht and zEM are specified: the deca
time is necessarily that of a gravitational decay of a we
scale mass particle, leading to Eq.~1!, and the energy releas
is determined by the requirement that super-WIMP’s be
dark matter, leading to Eq.~7!. Remarkably, these value
coincide with the best fit values fort andzEM . More quan-
titatively, we note that the grids of predictions for theB̃ and
t̃ scenarios given in Fig. 2 cover the best fit region. Curr
discrepancies in BBN light element abundances may th
fore be naturally explained by super-WIMP dark matter.

This tentative evidence may be reinforced or disfavored
a number of ways. Improvements in the BBN observatio
discussed above may show if the7Li abundance is truly
below predictions. In addition, measurements of6Li/H and
6Li/ 7Li may constrain astrophysical depletion of7Li and
may also provide additional evidence for late decaying p
ticles in the best fit region@14,15,17,35#. Finally, if the best
fit region is indeed realized by WIMP→SWIMP decays,
there are a number of other testable implications for cosm
ogy and particle physics. We discuss these in Secs. IV an

IV. ENTROPY PRODUCTION

In principle, there is no reason for the BBN and CM
determinations ofh to agree—they measure the same qu
tity, but at different epochs in the Universe’s history, andh
may vary@21#. What is expected to be constant is the numb
of baryons

NB5nBR35hng
BGR35h

2z~3!

p2
T3R3, ~36!

whereR is the scale factor of the Universe. Since the entro
S is proportional toT3R3 wheng* s , the number of relativ-
istic degrees of freedom for entropy, is constant,

h f

h i
5

Si

Sf
, ~37!

where the superscripts and subscriptsi and f denote quanti-
ties at timest i andt f , respectively. The quantitiesh i andh f
therefore must agree only if there is no entropy product
between timest i and t f .

Conversely, as noted in Sec. II, the agreement of CM
and D baryometers implies that there cannot be large entr
generation in the intervening times@21#, barring fine-tuned
cancellations between this and other effects. WIMP dec
4-6
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occur between BBN and decoupling and produce entropy
this section, we show that, for energy releases allowed by
BBN constraints discussed above, the entropy generation
a negligible effect on baryometry.

We would like to determine the change in entropy fro
BBN at time t i to decoupling at timet f . The differential
change in entropy in a comoving volume at temperatureT is

dS5
dQ

T
, ~38!

where the differential energy injected into radiation is

dQ5«EMnWIMPR3
dt

t
. ~39!

In Eq. ~39!, nWIMP is the WIMP number density per comov
ing volume.R may be eliminated using

S5
2p2

45
g* sT

3R3. ~40!

Substituting Eqs.~39! and~40! into Eq.~38! and integrating,
we find

Sf

Si
5expF E

t i

t f
«EMnWIMP

45

2p2g* s

1

T4

dt

t G . ~41!

As WIMP’s decay, their number density is

nWIMP5nWIMP
i

Ri
3

R3
e2t/t5nWIMP

i g* sSiT
3

g
* s
i STi

3
e2t/t, ~42!

and so

Sf

Si
5expF «EMnWIMP

i 45

2p2g
* s
i

1

Ti
4Et i

t f SiTi

ST
e2t/t

dt

t G . ~43!

Equation~43! is always valid. However, it is particularly
useful if the change in entropy may be treated as a pertu
tion, with DS!Si . Given the high level of consistency ofh
measurements from deuterium and the CMB, this is now
perfectly reasonable assumption. We may therefore solve
~43! iteratively. In fact, the first approximate solution, o
tained by settingSi /S51 in the integral, is already quite
accurate. The integral may be further simplified if the U
verse is always radiation dominated between BBN and
coupling. This is certainly true in the present analysis, as

rWIMP

rR
5mWIMPYWIMP

60z~3!

p4g* T

5F mWIMPYWIMP

4.531026 GeV
G F3.36

g*
GF1 keV

T G!1. ~44!

WIMP’s therefore decay before their matter density dom
nates the energy density of the Universe. We may then
the radiation-dominated era relations
06350
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t5
1

2H
, H25

8p

3MPl
2

rR, rR5
p2

30
g* T4 ~45!

to eliminateT in favor of t in the integral of Eq.~43!. Finally,
t i!t!t f , and, as the dominant contribution to the integra
from t;t, we may replaceg* by g

*
t , its ~constant! value

during the era of WIMP decay.
Exploiting all of these simplifications, the integral in E

~43! reduces to

E
t i

t f S g*
g
*
i D 1/4S t

t i
D 1/2

e2t/t
dt

t
'S g

*
t

g
*
i D 1/4E

0

`S t

t i
D 1/2

e2t/t
dt

t

~46!

5
Ap

2 S g
*
t

g
*
i D 1/4S t

t i
D 1/2

.

~47!

Finally, substituting Eq.~47! into Eq.~43! and again using
the radiation-dominated era relations of Eq.~45!, we find

Sf

Si
5expF z~3!

453/4

p11/4

~g
*
t !1/4

g
* s
i

«EMnWIMP
i

ng
i

A t

MPl
G . ~48!

For small entropy changes,

DS

Si
' ln

Sf

Si
51.1031024F zEM

1029 GeV
GF t

106 s
G 1/2

, ~49!

where we have usedz(3).1.202, andg
*
t .3.36 andg

* s
i

.3.91 are the appropriate degrees of freedom, which incl
only the photon and neutrinos.

Contours ofDS/Si are given in the (t,zEM) plane in Fig.
3 for late-decayingB-inos and staus. For reference, the BB
excluded and best fit regions are also repeated from Fig. 2
are the regions predicted for natural super-WIMP scenar
We find that the super-WIMP scenario naturally predi
DS/Si&1023. Such deviations are beyond foreseeable s

FIG. 3. Contours of fractional entropy productionDS/Si from
late decays in the (t,zEM) plane. Regions predicted by the supe
WIMP dark matter scenario and BBN excluded and best fit regi
are given as in Fig. 2.
4-7
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sitivities in studies of CMB and BBN baryometry. Withi
achievable precisions, then, CMB and BBN baryomet
may be directly compared to each other in super-WIMP d
matter discussions, as we have already done in Sec. II.

Entropy production at the percent level may be access
in future baryometry studies. It is noteworthy, however, th
independent of theoretical framework, such large entro
production from electromagnetic energy release in la
decaying particles is excluded by BBN constraints for de
times 104 s,t,1012 s. Only for decays very soon afte
BBN times t i;1 –100 s or just before decoupling timest f
;1013 s can entropy production significantly distort th
comparison between BBN and CMB baryon-to-photon
tios. In fact, only the very early decays are a viable source
entropy production, as very late time decays create un
served CMB black body distortions, which we now discu

V. IMPLICATIONS FOR CMB BLACKBODY
DISTORTIONS

The injection of electromagnetic energy may also dist
the frequency dependence of the CMB blackbody radiat
For the decay times of interest, with redshiftsz;105–107,
the resulting photons interact efficiently throughge2

→ge2, but photon number is conserved, since dou
Compton scatteringge2→gge2 and thermal bremsstrah
lung eX→eXg, whereX is an ion, are inefficient. The spec
trum therefore relaxes to statistical but not thermodyna
equilibrium, resulting in a Bose-Einstein distribution fun
tion

f g~E!5
1

eE/(kT)1m21
, ~50!

with chemical potentialmÞ0.
For the low values of baryon density currently favore

the effects of double Compton scattering are more signific
than those of thermal bremsstrahlung. The value of
chemical potentialm may therefore be approximated fo
small energy releases by the analytic expression@36#

m58.031024F t

106 s
G 1/2F zEM

1029 GeV
Ge2(tdC/t)5/4

,

~51!

where

tdC56.13106 sF T0

2.725 KG
212/5FVBh2

0.022G
4/5F12 1

2 Yp

0.88
G4/5

.

~52!

In Fig. 4 we show contours of chemical potentialm. The
current bound ism,931025 @24,37#. We see that, although
there are at present no indications of deviations from bl
body, current limits are already sensitive to the super-WI
scenario, and particularly to regions favored by the BB
considerations described in Sec. II. In the future, the diffu
microwave emission survey~DIMES! may improve sensi-
tivities to m'231026 @38#. The DIMES will therefore
probe further into the super-WIMP parameter space, and
effectively probe all of the favored region where the7Li
underabundance is explained by decays to super-WIMP
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VI. IMPLICATIONS FOR PARTICLE PHYSICS

The super-WIMP scenario has implications for the sup
partner~and KK! spectrum, and for searches for supersy
metry ~and extra dimensions! at particle physics experi
ments. In this section, we consider some of the implicatio
for high energy colliders.

Lifetimes and energy releases are given as functions
mSWIMP andDm in Fig. 5. BBN and CMB baryometry, along
with limits on CMB m distortions, exclude some of this pa
rameter space. The excluded regions were presented and
cussed in Ref.@1#.

Here we concentrate on the regions preferred by the
tative evidence for late decaying particles from BBN cons
erations. As noted above, the preferred lifetimes and ene
releases for which7Li is reduced without sacrificing the con
cordance between CMB and Dh determinations are a regio
around (t,zEM);(33106 s,1029 GeV). This region is

FIG. 4. Contours ofm, parametrizing the distortion of the CMB
from a Planckian spectrum, in the (t,zEM) plane. Regions predicted
by the super-WIMP dark matter scenario, and BBN excluded
best fit regions are given as in Fig. 2.

FIG. 5. Contours of constantt ~dashed, red! and constantzEM

5«EMYWIMP ~solid, blue! in the (mSWIMP,Dm) plane in theB̃ ~left!

and t̃ ~right! WIMP scenarios. The regions with BBN preferre
values (t,zEM);(33106 s,1029 GeV) are given by the circles

For the t̃ WIMP scenario, the solid circle is favored if«EM

5
1
2 Et ; the dashed circles are favored if«EM5

1
3 Et or «EM5Et .
4-8
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highlighted in Fig. 5. For thet̃ case, we present a range

best fit regions to account for the possible range«EM5( 1
3

21)Et of Eq. ~19! discussed in Sec. II.
Given some variation in the preferred values oft and

zEM , there is a fair amount of variation in the underlyin
superpartner masses. We may draw some rough conclus
however. For theB̃ WIMP scenario the preferred paramete
are mG̃;600 GeV andmB̃;800 GeV. All other superpart
ners are necessarily heavier thanmB̃ . The resulting super-
partner spectrum is fairly heavy, although well within th
reach of the Large Hadron Collider~LHC!, assuming the
remaining superpartners are not much heavier. This scen
will be indistinguishable at colliders from the usual sup
gravity scenario where the gravitino is heavier than the L
and the usual signal of missing energy from neutralinos
plies.

For thet̃ super-WIMP scenario, there are dramatic diffe
ences. From Fig. 5, the BBN preferred masses aremG̃
;300–1100 GeV andDm5mt̃2mG̃;300–400 GeV. Al-
though fairly heavy, this range of superpartner masse
again well within the reach of the LHC and possibly ev
future linear colliders. In this case, collider signatures c
trast sharply with those of standard supergravity scenar
Typically, the region of parameter space in which a stau
the lightest standard model superpartner is considered
cluded by searches for charged dark matter. In the su
WIMP scenario, this region is allowed, as the stau is
stable, but metastable. Such particles therefore evade co
logical constraints, but are effectively stable on collider tim
scales. They appear as slow, highly ionizing charged tra
This spectacular signal has been studied in the contex
gauge-mediated supersymmetry breaking models with a r
tively high supersymmetry-breaking scale@39#, and discov-
ery limits are, not surprisingly, much higher than in stand
scenarios. It would be interesting to evaluate the prosp
for discovering and studying meta-stable staus at the Te
tron, LHC, and future linear colliders in various super-WIM
scenarios.

VII. CONCLUSIONS AND FUTURE DIRECTIONS

Super-WIMP dark matter presents a qualitatively n
dark matter possibility realized in some of the most prom
ing frameworks for new physics. In supergravity, for e
ample, super-WIMP dark matter is realized simply by assu
ing that the gravitino is the LSP. When the NLSP is a wea
interacting superpartner, the gravitino super-WIMP natura
inherits the desired dark matter relic density. The pri
WIMP virtue connecting weak scale physics with the o
served dark matter density is therefore preserved by su
WIMP dark matter.

Because super-WIMP dark matter interacts only grav
tionally, searches for its effects in standard dark matter
periments are hopeless. At the same time, this superw
interaction implies that WIMP’s decaying to it do so aft
BBN. BBN observations and later observations, such as
the CMB, therefore bracket the era of WIMP decays, a
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provide new signals. Super-WIMP and conventional WIM
dark matter therefore have disjoint sets of signatures, and
have explored the new opportunities presented by su
WIMP’s in this study. We find that the super-WIMP scenar
is not far beyond reach. In fact, precision cosmology alrea
excludes some of the natural parameter space, and fu
improvements in BBN baryometry and probes of CMBm
distortions will extend this sensitivity.

We have also found that the decay times and energy
leases generic in the super-WIMP scenario may naturally
duce 7Li abundances to the observed levels without sacri
ing the agreement between D and CMB baryometry. T
currently observed7Li underabundance therefore provide
evidence for the super-WIMP hypothesis. This scenario p
dicts that more precise BBN observations will expose a tr
physical underabundance of7Li. In addition, probes of CMB
m distortions at the level ofm;231026 will be sensitive to
the entire preferred region. An absence of such effects
exclude this explanation.

We have considered here the cases where neutralinos
sleptons decay to gravitinos and electromagnetic energy
the case of selectrons, smuons, and staus, we have sh
that BBN constraints on electromagnetic cascades pro
the dominant bound. For neutralinos, however, the cas
less clear. Neutralinos may produce hadronic energy thro
two-body decaysx→ZG̃,hG̃, and three-body decaysx
→qq̄G̃. Detailed BBN studies constraining hadronic ener
release may exclude such two-body decays, thereby limi
possible neutralino WIMP candidates to photinos, or ev
exclude three-body decays, thereby eliminating the n
tralino WIMP scenario altogether. At present, detailed BB
studies of hadronic energy release incorporating the la
data are limited to decay timest&104 s @22#. We strongly
encourage detailed studies for later timest;106 s, as these
may have a great impact on what super-WIMP scenarios
viable.

Finally, in the course of this study, we presented a mod
independent study of entropy production in light of the r
cent Wilkinson microwave anisotropy probe data. The agr
ment of precise CMB and D baryon-to-photon ratios lim
entropy production in the time between BBN and deco
pling. However, constraints on BBN light element abu
dances and CMB distortions already provide string
bounds. We have compared these constraints here. We
that BBN abundances and CMB blackbody distortio
largely eliminate the possibility of significant entropy pr
duction. For fractional entropy changes at the percent le
which may be visible through comparison of future BBN a
CMB baryometers, these other constraints require the
tropy production to take place before;104 s, that is, in a
narrow window not long after BBN.
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