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What do we know about
DM?
Its density

strongly coupled regime and as Tν2 after decoupling. We define the kinetic decoupling temperature
as Tkd = Tν , such
√
that Γ(Tν ) = H(Tν ) ≈ 5.97 GN Tν2 . This gives us
Tkd
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Using the formalism of Ref. [2], we can use this result to calculate the power spectrum of MeV dark matter.
The interactions and the subsequent decoupling of the dark
matter particles leads to the damping of the matter power spectrum. This results from three distinct processes. First, the
coupling of the dark matter to other particle species introduces damped oscillatory features [2]. This is the dominant
effect for the case of WIMPs with electroweak scale masses.
Second, after decoupling, the free-streaming of the dark matter particles further suppresses the power spectrum. For MeV
dark matter, this effect dominates for the viable region of parameter space where Tkd >
∼ keV. Third, as neutrinos kinetically decouple from the dark matter they begin to free-stream
and damp the power spectrum further. This effect, however, is
subdominant.
In Fig. 1, we show the effect on the matter power spectrum of MeV dark matter as compared to that for the standard cold dark matter case. Large wavenumbers are strongly
suppressed, resulting in reduced number of small dark matter halos. Also shown in the figure as a dotted curve is the
(strictest) limit found for the case of warm dark matter from
observations of the lyman-alpha forest [17].
For Tkd >
∼ keV, the scale at which the power spectrum is
truncated is closely related to the free-streaming scale,
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where akd and aEQ are the scale factors at decoupling and
matter-radiation equality, respectively. The suppression of
the dark matter power spectrum on scales smaller than kf−1 ,
in turn, leads to a cutoff in the mass function of dark
matter halos. Compared to the case with no cutoff, one
would find a paucity of halos with masses less than roughly
4π(π/kf )3 ρM /3, where ρM is the present cosmological matter density. To obtain a more accurate estimate, we find the
mass at which the expected number of dark matter halos falls
by a factor of e compared to the prediction for dark matter particles with electroweak scale masses. We calculate the mass
function of dark matter halos using the Press-Schechter pre-

It is weakly interacting with
ordinary matter

FIG. 1: The effect of keV scale kinetic decoupling on the matter
power spectrum, as predicted in MeV dark matter. Shown are results
for a 1 MeV dark matter particle with a 10 keV (solid) and 1.0 keV
(dashed) kinetic decoupling temperature. The dotted line denotes the
limit relevant for warm dark matter, as inferred from observations of
the lyman-alpha forest [17].

Combining this expression with our specific particle physics
scenario, we arrive at the estimate:
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We note that for Tkd ∼ keV and mφ ∼ MeV, the smallest halos that form (those with mass ∼Mc ) are the ones that
host the smallest of the dwarf galaxies seen in the Milky Way
[18]. Therefore, the predictions for the number of Milky Way
satellites will be different in this scenario compared to that
for dark matter with electroweak scale masses. Numerical
simulations with truncated power spectra that are able to resolve halos with masses below Mc and a detailed treatment
of galaxy formation on small scales will be required to make
robust predictions for the satellite (dwarf) galaxy population
in galaxies like the Milky Way and Andromeda.
Relic Abundance and Other Constraints. There are a
number of constraints on the various couplings and masses in

.(7)

Established Paradigm of
DM
Weakly Interacting Massive Particle (WIMP)
and the thermal freeze-out paradigm
Magic thermal cross-section
Same cross-section sets relic abundance and
size of indirect detection signals
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SUSY WIMP paradigm
Further specialization of weak-scale WIMP
paradigm
Sets direct and indirect detection signal
expectations, Collider experiment
expectations
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Actual requirements on
DM much weaker
Its density Why are the DM and baryon
densities so close to each other?
It is cold
can kinetically decouple well
below 1GeV, as long as before 1 keV
It is weakly interacting with ordinary matter
will happen with any state connecting
through TeV mediator
It has weak interactions with itself no dark
massless forces with O(1) gauge couplings

Looking beyond SUSY
neutralinos
... and UED, little Higgs, etc ... WIMPs
Dark matter is single, stable, weakly
interacting massive particle, with density set
by thermal freeze-out
Two classes of models that have recently
gained traction because of data

Looking Beyond SUSY
Neutralino
Models with gauged dark forces, and a dark
Higgs sector
Solutions to the Baryon-DM coincidence
problem

The Data
Forcing us to look beyond an MSSM SUSY neutralino

Figure 24: The positron fraction spectrum for a case with χ2 / dof = 1.55 and B = 156
(Model 10 of Table 4). We display curves with (black) and without (grey) the DM signal
contribution. The DM contribution is seen to produce a sizeable excess. Data shown are
from the PAMELA [4], HEAT [63], AMS01 [64], and CAPRICE94 [65] collaborations.

Fermi and PAMELA

Figure 25: The (e+ + e− ) spectrum for a case with χ2 / dof = 1.55 and B = 156 (Model
10 24: The positron fraction spectrum for a case with χ2 / dof = 1.55 and B = 156
Figure
of Table 4). We display curves with (black) and without (grey) the DM signal contribution.
(Model 10 of Table 4). We display curves with (black) and without (grey) the DM signal
The FERMI (e+ + e− ) data [5] is also shown.
contribution. The DM contribution is seen to produce a sizeable excess. Data shown are
from the PAMELA [4], HEAT [63], AMS01 [64], and CAPRICE94 [65] collaborations.
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Don’t obtain hard enough spectrum from neutralino

The Data
Forcing us to look beyond a MSSM SUSY neutralino
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FIG. 3: Constraints on the mA − tan β plane from B → τ ν,
B → Dτ ν and φ → τ + τ − , and t → bH + . In the case of the
B decays, we show a conservative bound (grey shaded region): the
intersection of the 3 sigma allowed regions for both B processes. For
φ → τ + τ − (the irregular red shaded region), the region below the
curve is allowed at 2 σ by the Tevatron. Since the B-decay region

Don’t obtain large enough cross-section from neutralino

The Data
Forcing us to look beyond a MSSM SUSY neutralino
PAMELA and Fermi

Dark Gauged
Forces

Don’t obtain hard
enough spectrum
from neutralino

DAMA and CoGeNT

Asymmetric
Dark Matter

Don’t obtain large
enough cross-section
from neutralino

Baryon-DM coincidence
In standard picture, DM abundance set by
thermal freeze-out
Γann ! H

What if instead set by baryon density?
Experimentally,
Find mechanism

ΩDM ≈ 5Ωb
nDM ≈ nb

Gelmini, Hall, Lin, Barr, Kaplan,
Kitano, Low, Farrar, Zaharijas,
Fujii, Yanagida

mDM ∼ 5 GeV

DM-baryon coincidence
First models used EW sphalerons to transfer
the asymmetry S. Barr (1992) and D. B. Kaplan (1993)
Kribs, Roy, Terning, KZ (2009)

DM carries EW
quantum numbers
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These models no longer work because a) DM
cannot be > 45 GeV b) coupling to the Z
rules them out

Weak scale DM and the
coincidence
The DM can be heavier if operators relating
DM and baryon densities decouple *after*
DM becomes non-relativistic

Text

nX − nX̄ ∼ (n! − n!¯)e

−mDM /Td

ρDM = mDM (nX − nX̄ )

Partial DM asymmetry wash-out
Used in techni-baryon DM models
DM mass from source other than EWSB

Chivukula, Barr, Farhi
(1992)
Gudnason, Kouvaris,
Sannino (2006)

Two mass windows

DM

Asymmetric Dark Matter
D. E. Kaplan, Luty, KZ (2009)

Asymmetric Dark Matter
D. E. Kaplan, Luty, KZ (2009)

Cosmological history:
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Cosmological history:
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2. Have asymmetry transferring operator
decouple before DM becomes non-relativistic
(otherwise DM asymmetry washes out)

Asymmetric Dark Matter
D. E. Kaplan, Luty, KZ (2009)

Cosmological history:
1. Transfer lepton or baryon asymmetry to DM
through higher dimension operator
2. Have asymmetry transferring operator
decouple before DM becomes non-relativistic
(otherwise DM asymmetry washes out)
3. Annihilate away symmetric abundance

Asymmetric Dark Matter
An example of Asymmetric Dark Matter
DM carries lepton
number L=1/2
X̄ 2 LH
W =
M

Operator transfers
lepton asymmetry to
DM
2(nX − nX̄ ) ≈ nL − nL̄
mX

ΩX
! 2.4 GeV
! 11 GeV
Ωb

Operator goes out of
equilibrium

Asymmetric Dark Matter
An example of Asymmetric Dark Matter
DM carries lepton
number L=1/2
X̄ 2 LH
W =
M

Prevents wash-out of
asymmetry
Symmetric abundance
annihilated away

Many Examples of ADM
Integrate out heavy state
Effective operators:

X̄ 2 LH
W =
M
X̄ 2 udd
W =
M2
X̄ 2 LHLH
L=
M4

X
Standard Model

Dark sterile state,
fundamental or composite

Many Examples of ADM
Integrate out heavy state
Effective operators:

X̄ 2 LH
W =
M
X̄ 2 udd
W =
M2
X̄ 2 LHLH
L=
M4

X
Standard Model

Visible

Dark sterile state,
fundamental or composite

Hidden

Annihilating Symmetric
Abundance
The asymmetry is very small relative to the
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X
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Or, add new light states

X̄X → aa

The new states could be part of mechanism
for DM mass generation eia/f mX X̄X

ADM: Gateway to a
Hidden World
Higher dimension operator

Visible

Multiple resonances

Hidden
Could be complex!
Dark forces and dark
Higgs mechanism

Looking Beyond SUSY
Neutralino
Models with gauged dark forces, and a dark
Higgs sector
Solutions to the Baryon-DM coincidence
problem

Dark Forces in Dark
Sectors
Dark Forces in the Dark Sector are not new
An example: MeV Dark Matter

Fayet
g = 10−6

g! = 1
D

D

Fayet, Boehm

mDM = 1 MeV
511 keV line observed by integral
toward galactic center

mU = 1 MeV

A recent example of
dark forces

Arkani-Hamed, Finkbeiner, Slatyer, Weiner

Pospelov and Ritz

PAMELA and Fermi positron excesses
How to obtain annihilation to *leptons*?
χ

φ

χ

φ φ

a)

a)
χ

8

χ
φ

φ

......

φ ∼ GeV
mm
φ ∼ GeV

χ

χ

φ

8

φ

φ

b)

b)

χ

χ

φ

φ

FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

Requires light hidden gauge boson,
light hidden Higgses

FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).
for ordinary
mediated
by W/Z/γ
exchange).
BecauseWIMP
of the annihilations,
presence of a new
light state,
the annihilation
χχ → φφ can, and naturally will, be significant. In
< 10 In
Because
of to
the
presence
of a of
new
light state, the
annihilation
χχ light
→ φφ
can,
andinnaturally
will,
significant.
order not
spoil
the success
nucleosynthesis,
we cannot
have very
new
states
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withbea mass
∼
<
orderMeV,
not in
to thermal
spoil theequilibrium
success ofwith
nucleosynthesis,
we
cannot
have
very
light
new
states
in
this
sector,
with
a
mass
the standard model; the simplest picture is therefore that all the light states in the ∼ 10

How does SUSY enter?
It can stabilize the Higgses in the hidden
sector, even when they are much lighter
than the weak scale!
An example: MeV Dark Matter
g! = 1

g = 10−6

D

!

mD ∼ gg mSU SY

D

mDM = 1 MeV

Weak coupling to
SUSY breaking

mU = 1 MeV

Small hidden
SUSY masses!

Little Gauge Mediation
3
at which the SUSY breaking mass for the scalar is generated which, for concreteness, we take to be 109 GeV.
Li2 (x) denotes the dilogarithm function, defined by Li2 (x) ≡
!1
− 0 dzz −1 log(1 − xz). For an electron-selectron loop, we
find
#2 h2 " m #2
"g
ẽ
UXX gUf f
X
. (5)
m2X,rad ≈ 5 MeV2
10−5
1 1 TeV

f

Two loop graphs

U
DX

Introduce negative m^2 for D,
break dark gauge group

We have generated a mass for the scalar component of Ξ
of the right size to be dark matter. However, we also need
to break the U (1)h symmetry, give the fermion component
an MeV mass, and cancel anomalies introduced in the hidden
sector by the addition of Ξ. The simplest way to do this is in
the following way. We introduce a second chiral superfield,
Φ, whose scalar component we denote as φ. Under U (1)h , Φ
!superpotential
" is
caries charge 2, while Ξ has charge −1. The
2
!2
2
then given by
g g
ΛU V
2
2
mD = −
m log
4 f˜
W = λΦΞΞ.
(6)
128π
m2f˜
#a radiative! mass$through
φ, the scalar component of Φ will get
2
gg
eqn. ??, but of twice the size as2X since it carries twice the
" a−5
charge. Through
one MeV
loop graph with
φ10
in −
the
loop, the
3
×
6
2
2
2
interaction λ |X| |φ| generates a negative mass-squared for
X of size

MeV example:

How to obtain small couplings?
δm2X

8λ2 m2φ,rad
=−
log(Λ/mφ,rad)
16π 2

(7)

where Λ is the scale of generation of SUSY breaking mass of
φ. If λ is not too small, this term changes the sign of the X
mass-squared at the origin. This mechanism is exactly analogous to the one in the MSSM where the Higgs boson receives
negative mass-squared contribution from t̃ loop. X gets a vev

U

f¯

XD

f˜

U
DX

U
XD

FIG. 2: Examples of two loop diagrams which generate the mass
of the scalar, X. The solid and dotted lines in the loop represent
Standard Model fermions and their scalar superpartners.

Hooper, KZ (2008)

latter two are the Φ and Ξ fields. The phenomenology of the
hidden sector is complicated by the addition of these fields,
but not different in broad outline of the scenario considered
here.
Next we will determine the mass hierarchy of the states in
the hidden sector to find which field is the lightest, and hence
is the dark matter. In the scalar sector m2X = m2X,rad − δm2X
and m2φ = 2(m2φ,rad −δm2φ ). Fermion masses come from φ̃−
X̃ and φ̃ − Ũ mixing in the same manner as the Higgsinos and
neutralinos get their masses in the MSSM. The mass matrix,
in the (X̃, φ̃, Ũ ) basis, is

Kinetic Mixing
Arkani-Hamed, Finkbeiner, Slatyer, Weiner
Pospelov and Ritz
low velocity cross section must be suppressed. Furthermore,
Cheung,theRuderman,
Wang,
product of the couplings
of theYavin
mediating particle to electrons and the dark matter must be: gUXX × gUee ∼ 10−5 10−7 × (mU /10 MeV)2 [? ? ? ? ]. Measurements of the
electron’s magnetic moment and other constraints further require gUXX >
∼ gUee . Such constraints are satisfied if, for
example, the gauge coupling of the mediator to the dark matter is gUXX ∼ O(1), while the coupling of the mediator to
electrons is gUee ∼ 10−5 × (mU /10 MeV)2 .
We motivate our model building by the observation that the
ratio between the MeV masses required in this model and the
electroweak scale is also ∼ 10−5 . Therefore, we can hope to
construct a natural mechanism by which the fields of the hidden sector (including the dark matter candidate and mediator)
have their MeV-scale masses generated through radiative corrections suppressed by their ∼ 10−5 couplings to the visible
sector supersymmetry breaking masses.
2 this
!2 goal
2 in mind, we set out2to construct a model
With
2 matter candidate
U Vwith an MeV-scale
including a stable dark
mass which annihilates
2 an MeV-scale me4
f˜to electrons through
−5
diator with an O(10 ) effective coupling.
f˜ We begin with a
minimal model consisting of one chiral superfield, Ξ, and one
2 constitute a hidvector superfield, U . Together,
! these fields
den sector. The2superfield, Ξ, plays a dual role in our model.
In particular, the scalar component
of Ξ, which we denote as
−3
X, breaks the U (1)h symmetry associated with U , while its
fermionic component is the lightest supersymmetric particle,
is thus stable by the virtue of R-parity conservation, and thus
constitutes our dark matter candidate. The O(10−5 ) effective

2

D
X̃

e−
U

χ

B

e+

D
X̃

A mechanism for naturally generating GeV
scale
m2D

!

g g χ
Λ
= −
m log
128π
m
#
$
gg χ
" −5 GeV
3 × 10

"

FIG. 1: Communication of the dark matter, X̃, with the Standard
Model through the mixing of U with the hypercharge gauge boson,
B. The × represents U −B kinetic mixing, with mixing angle of size
χ ∼ 10−5 . It can be shown that this graph is equivalent to a graph
with only a U propagator with coupling to the electrons gU ee ∼ χ,
precisely what is required in the MeV dark matter model.

The photon mass and couplings are unchanged by the mixing, while the Z boson receives a small shift in its couplings.
Although effects such as this are constrained by precision
electroweak measurements [? ], the degree of kinetic mixing
considered here is sufficiently small to evade the constraints
placed by such measurments.
In order to break the U (1)h symmetry and give the mediator
U a mass, the scalar component, X, of the chiral superfield,
Ξ, which is charged under U (1)h , must get a vacuum expectation value (vev), in a manner exactly analogous to the Higgs
mechanism. In order for the vev to be stable and non-zero,

2
mD

∼ g χv cos 2β
!

2

Asymmetric Dark
Matter, recap
Use this mechanism both to generate the DM
mass scale and to provide an efficient annihilation
mechanism for symmetric abundance
ADM is charged under dark gauge group
8
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(a) and without (b) the Sommerfeld enhancements.

Cohen, Phalen, Pierce, KZ

Outlook
Not seeking to over-emphasize the specifics
of any single model.
However, as data arrives, we may continue to
be pushed to look at New Models of DM
The SUSY neutralino is a well motivated DM
candidate ...
BUT there is a broad world of models

Outlook
Considered specifically

Asymmetric Dark Matter
GeV Hidden Sectors
Found both classes of models have
qualitatively different cosmology than SUSY
neutralinos
There is a broad world of DM models to
explore!

