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CMB and BBN
(Thomson
Scattering 
couples 
photons to 
electrons 
and protons 
at last 
scattering 
surface… 
results in 
larger peak 
for larger 
ΩB

ΩBh2= .022
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Grand Unification

WIMPs:  !X =
MX

T0

exp(!MX/TFO)

! 1 if MX = O(GeV ), TFO = O(M/20), !A ! !weak
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Figure 1: The allowed range of the spin-independent cross section between the dark matter and
nucleon, !SI, for (a) µ = 270 GeV (!!1 = 10%) and (b) µ = 380 GeV (!!1 = 5%) in the case
of µM1 > 0. The two regions in each plot correspond to mA = 250 GeV (shaded) and 400 GeV
(region inside the dotted lines), and tan" is varied within 5 < tan " < 50. The long dashed
lines correspond to the smallest possible cross section, obtained for mA, tan" ! ".

the approximate formula of Eq. (14). In the figure, we have also depicted the vertical line at

m! = 46 GeV, which is the lower bound on the mass of # in the case that the gaugino masses

satisfy the unified mass relations. The value of tan " is varied between 5 and 50 for each value

of mA. While the regions close to the upper edges (very large tan") are constrained by the

Bs ! µ+µ! process [14, 17], we find that it does not significantly a"ect the allowed region of

!SI. (The constraint from b ! s$ can be satisfied depending on other parameters.) In the figure,

we have also drawn the exclusion curve from the latest CDMS II data [29] by a solid line, and an

estimate for the expected future sensitivity (an order of magnitude improvement of the current

bound by the end of 2007 [30]) by a dashed line.

From the figure, we find that the prospect for dark matter detection at CDMS II is rather

promising for µ = 270 GeV, corresponding to !!1 = 10%. For mA = 250 GeV, the CDMS II

covers the allowed parameter region almost entirely (especially if m! ># 46 GeV due to the unified

gaugino mass relations), although we must be somewhat fortunate for larger values of mA. For

µ = 380 GeV, corresponding to !!1 = 5%, the discovery prospect is not as good as the case

of µ = 270 GeV, but there is still a room that the dark matter is discovered at CDMS II for

mA <# 400 GeV. It is interesting to point out that the cross section of Eq. (14) takes the smallest

7
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2

CP-even Higgs exchange, or s-channel squark exchange. The
second term, on the other hand, corresponds to interactions

with the gluons in the target through a quark/squark loop di-

agram. f (p)
TG is given by 1 ! f (p)

Tu
! f (p)

Td
! f (p)

Ts
" 0.84, and

analogously, f (n)
TG " 0.83.

The contribution to the neutralino-quark coupling from

Higgs exchange is given by [9]:

a(Higgs)
q =

!
g2mq

4mW B

!

Re (!1[g2N12 ! g1N11])DC

"

!1

m2
H1

+
1

m2
H2

#

+ Re (!2[g2N12 ! g1N11])

"

D2

m2
H2

+
C2

m2
H1

#$

. (3)

For up-type quarks, !1 = N13, !2 = N14, B = sin ",
C = sin # and D = cos#, whereas for down-type quarks,
!1 = N14, !2 = !N13, B = cos", C = cos# and

D = ! sin#. # is the Higgs mixing angle. N2
11, N

2
12, N

2
13

and N2
14 are the bino, wino and two Higgsino fractions of the

lightest neutralino, respectively.

Supersymmetric models which are within the current or

near-future reach of CDMS generally have an elastic scatter-

ing cross section that is dominated by Higgs exchange. For

illustration, consider a bino-like neutralino (with a small Hig-

gsino admixture) and large to moderate tan " and cos# # 1.
In this case, the neutralino-nucleon cross section from Higgs

exchange is approximately given by:

$SI #
0.1 m4

p g2
1 g2

2 N2
11 N2

13 tan2 "

4% m2
W m4

A

# 4 $ 10!7 pb

"

N2
11

0.9

#"

N2
13

0.1

#"

300 GeV

mA

#4" tan "

50

#2

.(4)

This simplified expression demonstrates that ifmA and tan "
are within the range of Tevatron searches, then a substantial

elastic scattering cross section can be expected for the lightest

neutralino, unless it is a very pure bino.

IMPLICATIONS OF CDMS

The CDMS experiment currently provides the strongest

constraints on the spin-independent neutralino-nucleon elastic

scattering cross section, $SI . For a 50–100 GeV neutralino,

this result excludes $SI ># 2 $ 10!7 pb, whereas the limit is

about a factor of ten weaker for a 1 TeV neutralino [4].

In the top frame of Fig. 1, we have plotted as a solid line the

current exclusion limit of the Tevatron for pp̄ % A/H X %
&+&! X in the tan " ! mA plane and compared this to the

current limits from CDMS, for various choices of M2 and µ.
The Tevatron constraint from the inclusive &+&! channel is

quite robust against variations of theMSSM parameters, while

the channel pp̄ % A/H bb̄ followed by A/H % bb̄ is more
susceptible to radiative corrections and is weaker, unless both

|µ| is large and µM3 < 0 [10].

FIG. 1: Top-frame: The current Tevatron limit from pp̄ !
A/H X ! !+!! X [1] compared to the currently excluded re-

gions from CDMS for various combinations of M2 and µ. Bottom-
frame: The projected Tevatron 3" discovery and 95% exclusion

reach for pp̄ ! A/H X ! !+!! X [2] compared to the 2007

projection of the CDMS limits.

The '0-nucleon cross sections were calculated using the

DarkSUSY program [12] assuming the central values of the

fT ’s appearing in Eq.2. The squarks have been decoupled and

the standard GUT-relation between the gaugino masses was

adopted. Note also that we do not address the neutralino relic

abundance in Figs. 1 and 2, since we have only specified those

supersymmetric parameters which are relevant to elastic scat-

tering through Higgs exchange.

In the lower frame of Fig. 1, we show the projected 3$ dis-
covery reach at the Tevatron (4 fb!1 per experiment) com-

pared with the 2007 projected limits from CDMS [11]. For a
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FIG. 2: The regions in theM2-µ plane in which the possibility of dis-
covering heavy, neutral MSSM Higgs boson at the Tevatron (4 fb!1

per experiment) through pp̄ ! A/H X ! !+!! X is excluded due

to current CDMS limits (light shaded/green) and the projected 2007

CDMS limits (black). The (blue) shaded region along the bottom

of the figure and extending upward for small µ is excluded by LEP
chargino limits [13].

wide range ofM2 and µ, we find that CDMS is able to test the
entire region of the tan ! ! mA plane in which the Tevatron

will be capable of observing pp̄ " A/H X " "+"! X .

From these figures, it is clear that unless µ is considerably
larger than M2, the lack of a signal at CDMS disfavors the

possibility of discovering heavy, neutral MSSM Higgs bosons

at the Tevatron. To explore this more systematically, we show

these results in the M2-µ plane in Fig. 2. For the models in
the lightly shaded (green) regions, A/H is not expected to

be observed in the inclusive "+"! channel, for any values

of tan ! and mA, given the current constraints from CDMS.

The green regions would be expanded to the black regions, if

indeed CDMS observes no signal in 2007.

If the lightest neutralino had a large Higgsino component,

then its production in the early universe would be too small,

given the constraints from WMAP [14]. This corresponds

to the upper region of Fig. 2 in which M2/2 is much larger
than |µ|. Consequently, we focus on the lower region of the
plot, in which M2/2 is smaller than or comparable to |µ|. In
the case when M2/2 # |µ|, the lightest neutralino is mostly
bino-like, and the elastic scattering cross section is gradually

reduced. For example, forM2 =200 GeV, the Higgsino frac-
tion of the lightest neutralino is approximately 15%, 1% and

0.2% for µ =200, 500 and 1000 GeV, respectively, corre-
sponding to #SI $ 6 % 10!7, 4 % 10!8 and 10!8 pb, for

tan ! = 50 andmA = 300 GeV (see Eq. 4).

A positive neutralino signal in the near future at CDMS

would be very encouraging for Tevatron Higgs searches. For

example, if a neutralino were detected at CDMS with #SI $
10!7 pb, then 3# evidence for A/H in the inclusive "+"!

channel would be obtained as long as the Higgsino fraction

of the lightest neutralino is greater than about 0.5% and mA

is heavier than about 140 GeV (as inferred from Fig. 1 and

Eq. 4).

On the other hand, evidence for the production of heavy

neutral Higgs bosons at the Tevatron, without the observation

of neutralino dark matter at CDMS by 2007, could give very

valuable information about the MSSM particle spectrum. In

particular, it would suggest that |µ| is large, e.g. greater than
about 800 GeV (see Fig. 2).

CAVEATS

The conclusions presented in this letter are subject to a

number of assumptions. Most obviously, if the dominant com-

ponent of our universe’s dark matter is not made up of neu-

tralinos, then the constraints placed by CDMS do not affect

collider searches for supersymmetry.

The results from CDMS involve substantial astrophysical

uncertainties. Primary among these is the local dark mat-

ter density, which we have taken to be 0.3 GeV/cm3, as im-

plied by the dynamics of our galaxy. Experiments such as

CDMS measure the rate of elastic scattering, which depends

on the product of the cross section and the local density. If,

in fact, dark matter is not distributed in a homogeneous way,

but rather in dense clumps, then the density at Earth could be

smaller or larger than this average density. It is also possible

that the local velocity distribution of dark matter is modified

from the standard picture due to the presence of a tidal stream,

for example. In both of these cases, the rates at CDMS could

be higher or lower than we have calculated.

For this discussion we have neglected squark exchange di-

agrams in the calculation of the neutralino’s elastic scattering

cross section. In Fig. 3 we demonstrate that these contribu-

tions, once included, generally increase rather than decrease

the cross section, thus making our conclusions stronger. The

figure shows the elastic scattering cross section for a random

sample of lightest neutralinos compared to the value found if

all squark contributions are neglected. Here we have scanned

over M2, µ, tan !, mA, sfermion masses and trilinear cou-

plings (each up to 2 TeV).M1 andM3 have been determined

by the GUT relationship. Each point shown is consistent with

all collider constraints and generates a neutralino relic density

consistent with WMAP (2003) [14]. In the range of cross sec-

tions for which CDMS is currently sensitive or is likely to be

sensitive to in the near future (#SI >$ 10!8 pb), neglecting

squarks either has little effect or slightly underestimates the

cross section in each model found.

We also consider our MSSM model assumptions, and al-

ternatives which might lead to smaller elastic cross sections.

For example, we assumed the GUT relationship between the

gaugino masses (M1 : M2 : M3 & 1 : 2 : 7.5), which leads
to a very small wino component for the lightest neutralino.

If, instead, we consider M2 smaller than or not much larger

than M1, then the lightest neutralino could be mainly wino-



Going Non-minimal

To avoid annihilation problems and allow for 
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NMSSM: add a single Higgs singlet superfield...  
resolves μ problem, allows light CP odd Higgs, 
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SPI / INTEGRAL 511 keV observation (astro-ph/0309442)

Knodlseder et al,
A&A, 441, 513, 2005.

Annihilating Dark Matter?
 M ≈ 100 MeV?
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If positrons produced at mildly relativistic energies,
higher energy gamma rays will be produced due to
in-flight annihilation.

 Positrons must be injected with E > 3 MeV
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antimatter, gamma rays,neutrinos...  LMK and 
FF (in progress)
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TABLE I: The number of events required to identify a WIMP
signal above a flat background for di!erent types of detectors
and a WIMP mass of m! = 100 GeV.

Detector v0 (km/s)

Type 170 220 270

3D (full) 6 11 18

3D without FB 176 1795 > 35, 000

2D—best/worst 19/45 34/75 61/123

2D rotating 13 24 43

TABLE II: The number of events required to identify a WIMP
signal above a flat background for di!erent types of detectors
and a WIMP mass of m! = 1000 GeV.

Detector v0 (km/s)

Type 170 220 270

3D (full) 14 27 51

3D without FB 152 217 371

2D fixed—best/worst 51/129 97/217 175/368

2D rotating 31 61 125

events is defined by L =
Ne
!

i=1

P (!i). We generate at least

100,000 sample distributions for each Ne and apply the
log-likelihood test to find the minimum number of WIMP
events such that we have a 95% detection 95% of the time
(see [7] for more details).

The results for m! = 100 GeV are given in Table I for
the range of detectors we have considered, where ‘full’ re-
flects a full three-dimensional detector with perfect angu-
lar resolution. We shall discuss the degradation implied
by limited resolution shortly. The same set of results for
m! = 1000 GeV are given in Table II. Although we have
restricted our quantitative study to isothermal models
the qualitative features of the comparison remain valid
for other models, including models dominated by single
streams of WIMPs . NOTE: Is this statement about
single streams true? Do we know that?

Our results underscore the need for forward-backward
detection. Indeed, this is the single most important fea-
ture that allows directional detectors to gain sensitivity
to the WIMP signal compared to backgrounds. Since
spin independent WIMP scattering is azimuthally sym-
metric about the direction of the incoming WIMP the
dominant WIMP signal comes from the a comparison of
forward-backward scattering events. This is seen in the
results in Tables I and II. A three dimensional detec-
tor, even with perfect angular resolution, but without
forward-backward discrimination requires at least an or-
der of magnitude more events than a three dimensional
detector with such discrimination and even many more
than a poorly aligned two dimensional detector to distin-
guish a WIMP signal from terrestrial backgrounds. This

FIG. 1: The number of events required as a function of
the full-width half maximum (FWHM) of the smoothing ker-
nel (9) for the isothermal models, m! = 100 GeV, and the
detector configuration described in section IIA.

is because without forward-backward discrimination the
detector relies upon the di"erence between head-on and
glancing (wide angle) collisions as well as high angular
resolution to distinguish a WIMP signal from the back-
ground.

We next explore how the sensitivity of a three-
dimensional detector depends upon its angular resolu-
tion. In figure 1 we display the number of events re-
quired as a function of the angle of the full-width half
maximum (FWHM) of the detection cone for the events.
Note that as the angular resolution degrades, the num-
ber of events required for a three dimensional detector
quickly approaches that of a two-dimensional detector,
as expected. In order to be significantly more e#cient,
the angular resolution of such a detector must be better
than about 60 degrees (FWHM).

We finally focus on two-dimensional detectors, in part
because these are likely to be the most practical in the
near future, and because less attention in the past has
been paid to them than hypothetical three dimensional
detectors.

It is clear that the e#cacy of a planar detector will
depend upon the orientation of its plane with respect
to the direction of the WIMP wind. Specifically a two-
dimensional detector fixed to the Earth will be oriented
so that its normal vector makes an angle ! with the
Earth’s rotation axis. The choice of ! determines how
much time the detector will spend at various angles "
relative to the Earth’s direction of motion. An orienta-
tion of " = 0! is clearly the worst since the detector plane
is then perpendicular to the WIMP wind. The number
of events required is a function of the angle ! chosen for
the detector as shown in figure 2.

Tables I and II give the minimum and maximum num-
ber of events required for optimal versus worst-case ori-
entation of the detector. Note that the shape of the func-
tion in figure 2 depends on the orientation of the Earth’s
axis, # = 42! relative to the motion of the Sun through
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Axion Naturality?

f ≈ 1016 GeV possible if Θ <<1

This is not unnatural if one averages over 
universes with life in them. ... dark matter 
density peaked near observable value...

Tegmark, Aguirre, Rees, Wilczek, 
2006
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(Dated: May 14, 2006)

We consider the conditions needed to unify the description of dark matter, dark energy and
inflation within the context of the string landscape. We find that incomplete decay of the inflaton
field o!ers the possibility that a single field might be responsible for all of inflation, dark matter and
dark energy. By contrast, unifying dark matter and dark energy into a single field which is separate
from the inflaton appears rather di"cult.
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INTRODUCTION

It has become clear recently that potentials of the form
V0 + 1

2
m2!2, where V0 has the small value needed to

explain the observed dark energy density, are plausibly
motivated by a combination of the string landscape pic-
ture and the anthropic principle, and are not necessarily
hopelessly fine-tuned as previously thought. The gist of
the argument [1] is that string theory contains a huge
number of possible configurations of di!ering vacuum
energy, which might be exhaustively explored through-
out the very large scale Universe, for instance via a self-
reproducing inflationary cosmology mechanism [2]. The
selection e!ect that we must live in a region of the Uni-
verse capable of forming stars and galaxies then enforces
that we live in a region where V0 is atypically small, but
non-zero. With some caveats [3], this picture gives an
impressive probabilistic prediction of the order of magni-
tude of the dark energy density [4].

Potentials of the form above are of interest as they o!er
the possibility of a unified description of various features
of the Universe for which scalar fields have been invoked,
specifically inflation, dark matter, and dark energy. The
main ingredients to do this are already in the litera-
ture, though they have not been explicitly connected.
In their work on post-inflationary preheating, Kofman et
al. [5] remarked that the inflaton decay might be incom-
plete, with the residue having the capability of acting
as dark matter. Separately, Linde has noted [6] that
with m ! 10!6mPl, the above potentials unify standard
chaotic inflation (during which V0 is utterly negligible)
with dark energy. The precise form of the non-constant
part of the potential is not of course crucial to this ar-
gument; any of the normal inflationary potentials will
achieve the same once V0 is added.1

In this paper we wish to consider the possible addi-

1 It is not really accurate to associate V0 with a particular field: the
vacuum energy is a property of the full Lagrangian. Nevertheless,
in the landscape picture it is useful to think of it in these terms.

tional unification of cold dark matter (CDM) with dark
energy using such potentials. While usual particle dark
matter candidates such as WIMPs correspond to incoher-
ent distributions of individual particles, it has long been
known that an alternative CDM candidate is a coherently
oscillating scalar field, the archetypal example being ax-
ion dark matter. Provided the potential is of quadratic
form about its minimum, such a field behaves on average
like pressureless matter [7], and is indistinguishable from
traditional CDM candidates provided the oscillation pe-
riod is much shorter than any other dynamical scale in
the problem (true unless the field is super-light). Fur-
thermore, it is known that linear perturbations in such
a coherent field also mimic those of a pressureless fluid
[8], and that non-linear top-hat collapse proceeds in the
same way. Such coherent scalar fields are therefore a well
developed alternative to the WIMP paradigm.

We do not aim to make any specific proposals for how
such unified scenarios might arise from fundamental the-
ories, but rather wish to explore what conditions would
have to be met in order for such scenarios to be compat-
ible with observations. We explore two types of scenario:

1. Unification of inflation, dark matter and dark en-
ergy into the same scalar field !.

2. Unification of dark matter and dark energy into
the same scalar field !, with inflation provided by
a separate scalar field ".

The main conditions that will concern us is whether a
complete history of the Universe from inflation onwards
can be constructed, with the fields taking plausible val-
ues, and whether perturbations can be generated which
are compatible with the observation that isocurvature
perturbations, if present at all, are subdominant to adi-
abatic ones.

Before going further, we mention other attempts to use
scalar fields to unify combinations of inflation, dark mat-
ter, and dark energy. Ref. [9] proposed a tachyon-type
scalar-field Lagrangian, in which the scalar fluid can be
broken up into dark matter and dark energy components.
A k-essence unification of dark matter and dark energy



The Good News..
Detection experiments underway....

None of them yet detected... 

meta-physics

TOEs

ar
X

iv
:a

st
ro

-p
h

/0
6

0
5

2
0

5
 v

1
  

 9
 M

ay
 2

0
0

6

astro-ph/0605205

Inflation, dark matter and dark energy in the string landscape

Andrew R. Liddle1 and L. Arturo Ureña-López2
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ion dark matter. Provided the potential is of quadratic
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like pressureless matter [7], and is indistinguishable from
traditional CDM candidates provided the oscillation pe-
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the problem (true unless the field is super-light). Fur-
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