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What do we know about 
DM?

Its density

It is cold

It is weakly interacting with 
ordinary matter

It has weak interactions with 
itself

2

strongly coupled regime and as T 2
ν after decoupling. We de-

fine the kinetic decoupling temperature as Tkd = Tν , such

that Γ(Tν) = H(Tν) ≈ 5.97
√

GNT 2
ν . This gives us

Tkd = 2.1 keV
mU

MeV

( mφ

MeV

)1/4
(

10−6

gUφφgUνν

)1/2

. (4)

Using the formalism of Ref. [2], we can use this result to cal-

culate 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 spec-

trum. This results from three distinct processes. First, the

coupling of the dark matter to other particle species intro-

duces 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 mat-

ter particles further suppresses the power spectrum. For MeV

dark matter, this effect dominates for the viable region of pa-

rameter space where Tkd
>∼ keV. Third, as neutrinos kineti-

cally 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 spec-

trum of MeV dark matter as compared to that for the stan-

dard cold dark matter case. Large wavenumbers are strongly

suppressed, resulting in reduced number of small dark mat-

ter 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,

k−1
f = 2.5 kpc

(

keV

Tkd

)1/2 (

MeV

mφ

)1/2

ln(4aEQ/akd) ,

(5)

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 k−1
f ,

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 mat-

ter 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 par-
ticles with electroweak scale masses. We calculate the mass

function of dark matter halos using the Press-Schechter pre-

scription. We note that the validity of this prescription for

power spectra with sharply truncated power (as found in our

scenario) has not been conclusively demonstrated. Neverthe-

less, the cutoff mass derived here is useful in the sense that

it highlights the mass scale below which we expect deviations

from the predictions of standard cold dark matter. We find this

cutoff mass to be

Mc ∼ 3 × 107M"

(

Tkd

keV

)−3/2 (

mφ

MeV

)−3/2

. (6)

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:

Mc ∼ 107M"

(

mU

MeV

)−3/2( mφ

MeV

)−15/8(gUφφ gUνν

10−6

)3/4

.(7)

We note that for Tkd ∼ keV and mφ ∼ MeV, the small-
est 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 re-

solve 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

MeV dark matter. First, we require that dark matter is ther-

mally produced in the early universe with the observed abun-

dance [15]. The annihilation cross section for scalar dark mat-

ter particles through the s-channel exchange of a U -boson is
[6, 8]:

σv =
g2

Uφφ(s − 4m2
φ)

12πs[(s − m2
U )2 + Γ2

Um2
U ]

∑

f

√

1 − 4m2
f/s

× [s(g2
fL

+ g2
fR

) + m2
f (6gfL

gfR
− (g2

fL
+ g2

fR
))] (8)

Bullet cluster: σ

m
! 1

GeV3



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

σv ≈ g4

1 TeV2 ≈ 3× 10−26 cm3

s

Ωh2 = 0.114± 0.003



SUSY WIMP paradigm

Further specialization of weak-scale WIMP 
paradigm

Sets direct and indirect detection signal 
expectations, Collider experiment 
expectations



What do we know about 
DM?

Its density  correct relic abundance

It is cold    kinetically decouples above 1GeV  

It is weakly interacting with ordinary matter 
eliminates sneutrino

It has weak interactions with itself   charge 
neutral particles in MSSM have weak 
interactions
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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
Fermi and PAMELA

Don’t obtain hard enough spectrum from 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.

Figure 25: The (e+ + e−) 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 FERMI (e+ + e−) data [5] is also shown.
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The Data

Forcing us to look beyond a MSSM SUSY neutralino
DAMA and CoGeNT

Don’t obtain large enough cross-section from neutralino

4
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FIG. 2: Constraints on the mA − tanβ plane from B → τν,
B → Dτν and φ → τ+τ−. 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. The B-decay region depends on the squark and
gluino masses due to loop corrections to the b mass, so we show the
region corresponding to ε0 = +εmax. The region for ε0 = −εmax

is shown in Fig. 3. The φ → τ+τ− is relatively insensitive to these
corrections. We also show in this plane contours of constant scatter-
ing cross section, assuming the bound on the invisible Z width (3.0
MeV) is saturated and ε0 = +εmax.

branching fraction and production cross section in opposite di-
rections, even extreme values of |ε0| = εmax give rise to small
modifications, ∼ 5%, to these curves. Examining these plots,
we can pick out the largest allowed scattering cross section,
σn <∼ 5 × 10−42 cm2, below the CoGeNT allowed region.
If the errors are both B experiments are inflated even further
(both experiments taken at 3.1 sigma), a fine-tuned region at
larger tanβ opens. There the charged Higgs contribution is
exactly the right size to (over)cancel the standard model con-
tribution, such that the resulting sum is again the same size as
the standard model one. If this strip were to open, the cross
allowed cross section is approximately a factor of 2 higher,
σn <∼ 1 × 10−41 cm2, and the Tevatron constraints on Higgs
production would start to be relevant.

Finally, we comment on the more model-dependent flavor
physics implications. For b → sγ, without cancellation, such
large values of tanβ would require charged Higgs masses
closer to 300 GeV [38]. In principle, there is the possibility of
large canceling contributions. However, this requires a large
contribution from squark/gaugino diagrams (e.g. with light
stops and charginos). Such a delicate cancelation would be
surprising, and might well show up elsewhere depending on
how it were implemented (e.g., non-minimal flavor violation).
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FIG. 3: Constraints on the mA − tanβ plane from B → τν,
B → Dτν 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
depends on the squark and gluino masses due to loop corrections to
the b mass, we show lines corresponding to ε0 = −εmax. The region
for ε0 = +εmax is shown in Fig. 2. The φ → τ+τ− constraint is
relatively insensitive to these corrections. The green shaded region
indicates the constraint from t → bH+. We also show in this plane
contours of constant scattering cross section, assuming the bound on
the invisible Z width (3.0 MeV) is saturated and ε0 = −εmax.

To conclude, acquiring a large scattering cross section in
the MSSM for light WIMPs requires a very particular Higgs
boson spectrum. To achieve the largest possible cross section
consistent with constraints, we require µ very near its bound
at 108 GeV, sbottoms and gluino relatively light (around 350
GeV), a heavy right-handed stop around >∼ 1.5 TeV, and small
A-terms. To maximize scattering, the CP even Higgs boson
with tanβ–enhanced couplings should be as light as possi-
ble. At present, bounds from B decays are most constraining.
Depending on the details of the SUSY spectrum, constraints
from the rare decay t → bH+ could eventually become com-
petitive. We find that for WIMPs in the 5-15 GeV range, the
scattering cross section must be smaller than 5× 10−42 cm2.

Thus it appears a MSSM neutralino is in tension with the
data from CoGeNT. To explain the observed rates in these
detectors would require local overdensity in the DM of a
factor of 6 to hit the edge of the window. We leave for future
work a discussion of the effect of a thermal relic history on
the allowed parameter space of the low mass MSSM window,
but it is interesting to note that that region near the CoGeNT
window gives rise to approximately the correct relic density.

We thank Tim Cohen and Dan Phalen for discussions.
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FIG. 1: Measurements of the germanium quenching factor
(QGe ≡ Eionization/ERecoil) over the energy range of the excess
events observed by CoGeNT. The solid line denotes the best
fit normalization to these measurements, assuming the slope
predicted by Lindhard theory (k = 0.20). The dashed lines
represent the upper and lower 2σ normalizations, accounting
only for statistical errors. For the measurements used, see
Ref. [24]. Additional measurements by the CoGeNT collabo-
ration span down to ERecoil = 0.7 keV [25].

QGe(ERecoil = 3keV) = 0.218± 0.0058, and with the en-
ergy dependence predicted by the Lindhard theory. Note
that this neglects any systematic errors; the inclusion of
which would further enlarge the region of dark matter
parameter space potentially capable of accommodating
the CoGeNT signal.

For DAMA/LIBRA, measurements of the NaI(Tl)
quenching factors are often averaged over large ranges
of energy, hindering efforts to quantify the uncertainties
in the narrow energy range of interest for light dark mat-
ter particles. In particular, the DAMA/LIBRA collab-
oration reports a measurement of their sodium (in the
form of NaI, doped with thallium) quenching factor to be
QNa = 0.30± 0.01 averaged over the energy recoil range
of 6.5 to 97 keV [26]. Other groups have reported similar
values: QNa = 0.25±0.03 (over 20-80 keV), 0.275±0.018
(over 4-252 keV), and 0.4± 0.2 (over 5-100 keV) [27]. As
the sodium quenching factor is generally anticipated to
vary as a function of energy, it is very plausible that over
the range of recoil energies relevant for light (5-10) GeV
dark matter (approximately 5 to 20 keV) the quenching
factor could be somewhat higher than the average values
reported from these measurements [28] (see, for example,
Ref. [29] and discussion in Ref. [30]). For recoil energies
below approximately 20 keV, Ref. [31] reports a measure-
ment of QNa = 0.33 ± 0.15, whereas Ref. [32] reports a
somewhat smaller value of QNa = 0.252 ± 0.064 near 10
keV. A failure to account for the non-proportionality in

FIG. 2: The regions in the elastic scattering cross section (per
nucleon), mass plane in which dark matter provides a good fit
to the excess CoGeNT events and to the annual modulation
reported by DAMA/LIBRA (upper frame), as well as the re-
gion in which the combination of CoGeNT+DAMA/LIBRA
is well fit (lower frame). We have assumed that any effects
of channeling are negligible and have adopted v0 = 230 km/s
and vesc = 600 km/s. No errors associated with uncertainties
in the form factors have been taken into account. If these
and other systematics were fully included, the allowed region
would be expected to increase considerably. See text for more
details.

electron response at low energy [33] appears in the en-
ergy calibration of several of these measurements: the
need for additional precision measurements of quenching
factor near DAMA/LIBRA’s threshold of 2 keVee seems
evident. In our fits, we conservatively adopt a sodium
quenching factor of QNa = 0.3 ± 0.13 over the energy
range of interest (E ≈ 2 − 10 keVee), which we deem

Hooper, Collar, Hall, McKinsey Pierce, Kuflik, KZ



The Data

Forcing us to look beyond a MSSM SUSY neutralino
DAMA and CoGeNTPAMELA and Fermi

Don’t obtain hard 
enough spectrum 
from neutralino

Don’t obtain large 
enough cross-section 

from neutralino

Dark Gauged 
Forces

Asymmetric 
Dark Matter



Baryon-DM coincidence

In standard picture, DM abundance set by 
thermal freeze-out

What if instead set by baryon density?

Experimentally,
Find mechanism

Γann ! H

ΩDM ≈ 5Ωb

nDM ≈ nb

mDM ∼ 5 GeV

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

Fujii, Yanagida



DM-baryon coincidence
First models used EW sphalerons to transfer 
the asymmetry

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

DM carries EW 
quantum numbers Visible sector

S. Barr (1992) and D. B. Kaplan (1993)

L4 =
(

!4
ν4

)

Kribs, Roy, Terning, KZ (2009)



Weak scale DM and the 
coincidence 

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

Partial DM asymmetry wash-out

Used in techni-baryon DM models

DM mass from source other than EWSB

nX − nX̄ ∼ (n! − n!̄)e
−mDM /Td

ρDM = mDM (nX − nX̄)

Chivukula, Barr, Farhi 
(1992)

Gudnason, Kouvaris, 
Sannino (2006)

Text



Two mass windows

DM



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



Asymmetric Dark Matter

Cosmological history:
D. E. Kaplan, Luty, KZ (2009)



Asymmetric Dark Matter

Cosmological history:

1. Transfer lepton or baryon asymmetry to DM 
through higher dimension operator

D. E. Kaplan, Luty, KZ (2009)



Asymmetric Dark Matter

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)

D. E. Kaplan, Luty, KZ (2009)



Asymmetric Dark Matter

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

D. E. Kaplan, Luty, KZ (2009)



Asymmetric Dark Matter

Operator transfers 
lepton asymmetry to 
DM

Operator goes out of 
equilibrium  

An example of Asymmetric Dark Matter

DM carries lepton
number L=1/2

W =
X̄2LH

M

2(nX − nX̄) ≈ nL − nL̄

mX ! 2.4 GeV
ΩX

Ωb
! 11 GeV



Asymmetric Dark Matter

Prevents wash-out of 
asymmetry

Symmetric abundance 
annihilated away 

An example of Asymmetric Dark Matter

DM carries lepton
number L=1/2

W =
X̄2LH

M



Many Examples of ADM

Dark sterile state,
fundamental or compositeStandard Model

X

Integrate out heavy state
Effective operators: W =

X̄2LH

M

W =
X̄2udd

M2

L =
X̄2LHLH

M4



Many Examples of ADM

Dark sterile state,
fundamental or compositeStandard Model

X

Integrate out heavy state
Effective operators: W =

X̄2LH

M

W =
X̄2udd

M2

L =
X̄2LHLH

M4

Visible Hidden



Annihilating Symmetric 
Abundance

The asymmetry is very small relative to the 
symmetric part

Remove via annihilation through heavy states

Or, add new light states

The new states could be part of mechanism 
for DM mass generation

nX − nX̄ ≈ 10−10(nX + nX̄)

X X̄

! !̄

H ′

X̄X → aa

mH′/y ! 200 GeV

nb/nγ ≈ 10−10because

eia/fmXX̄X



ADM: Gateway to a 
Hidden World

Visible Hidden
Could be complex!

Multiple resonances

Dark forces and dark 
Higgs mechanism

Higher dim
ension operator



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, Boehm
D

D

g = 10−6g′ = 1

mDM = 1 MeV mU = 1 MeV

511 keV line observed by integral 
toward galactic center

Fayet



A recent example of 
dark forces

PAMELA and Fermi positron excesses

How to obtain annihilation to *leptons*?

Arkani-Hamed, Finkbeiner, Slatyer, Weiner              Pospelov and Ritz
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a)

χ

χ

φ

φ

φ
...

mφ ∼ GeV

b)

χ

χ

φ

φ

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).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40% µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].
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for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40% µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].

Requires light hidden gauge boson,
light hidden Higgses



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

D

D

g = 10−6g′ = 1

mDM = 1 MeV mU = 1 MeV

Weak coupling to 
SUSY breaking

Small hidden 
SUSY masses!

mD ∼ gg′mSUSY



Little Gauge Mediation

Two loop graphs

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

MeV example:

How to obtain small couplings?

3

at which the SUSY breaking mass for the scalar is gen-

erated 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

m2
X,rad ≈ 5 MeV2

(gUXX gUff

10−5

)2 h2
X

1

( mẽ

1 TeV

)2

. (5)

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
caries charge 2, while Ξ has charge−1. The superpotential is
then given by

W = λΦΞΞ. (6)

φ, the scalar component of Φ will get a radiative mass through
eqn. ??, but of twice the size as X since it carries twice the

charge. Through a one loop graph with φ in the loop, the

interaction λ2|X |2|φ|2 generates a negative mass-squared for
X of size

δm2
X = −

8λ2m2
φ,rad

16π2
log(Λ/mφ,rad) (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 analo-

gous to the one in the MSSM where the Higgs boson receives

negative mass-squared contribution from t̃ loop. X gets a vev

and breaks U(1)h, with mU ∼ gUXX〈X〉. We take a region
of parameter space where the sign of φ mass-squared at the
origin is not changed, so that 〈φ〉 = 0.
In this case, there is a simple mechanism for removing the

anomalies. We add two additional fields,X ′ and φ′ with equal

and opposite charges so that we also have a term λφ′X ′X ′.

This copy will receive exactly the same masses as the un-

primed sector. Generically, there will also be mixing terms,

m1φφ′ andm2XX ′, between the two sectors. We can elimi-

nate these terms, however, by promotingm1,m2 to a field S′′,

which itself has a potential which enforces 〈S′′〉 = 0, remov-
ing these mixing terms. If we were relying on D-terms to sta-

bilize the potential, the addition of X ′, φ′ would de-stabilize

the potential through D-flat directions where 〈X〉 = 〈X ′〉 and
〈φ〉 = 〈φ′〉. In the case we are studying, the term λ2X4 stabi-

lizes theX potential, while φ’s mass-squared remains positive
at the origin.

Other mechanisms of anomaly cancellation could also be

found. These include adding a strongly interacting quark sec-

tor with the same quantum numbers as the standardmodel sec-

tor quark sector. In addition toX , the complete content of the

hidden sector (under ˆSU(3), U(1)h) is 2(3, 1/6), (3,−2/3),
(3, 1/3), (1,−1), (1, 1/2). The first three have the same quan-
tum numbers as the SM quarks in the absence of SU(2). The

X X

f

f̄

f̃

U U

U U

X X

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.

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 sectorm2
X = m2

X,rad − δm2
X

andm2
φ = 2(m2

φ,rad−δm2
φ). 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

M =







0 λ
2
〈φ〉 0

λ
2
〈φ〉 0 g√

2
hφ〈φ〉

0 g√
2
hφ〈φ〉 0






. (8)

In the limit that g2h2
X ' 8λ2, there are two nearly degenerate

states with massm (
√

5/8ghX〈X〉which are mostly X̃−Ũ

mixes (with subdominant φ̃ component) and one lighter state
(mostly φ̃ with subdominant X̃ component) with mass m (
4/5λ〈X〉. This latter state is the lightest among the scalars
and fermions and hence is our dark matter candidate.

For the purposes of dark matter phenomenology, we are

most interested in the dark matter candidate itself, the φ̃ − X̃
mix, and the mediator, U . The masses of these particles are
approximately given by:

mU ≈
1√
2

√

∣

∣

∣
m2

X,rad

∣

∣

∣
(9)

≈ 14 MeV ×
(

gUφφgUee

10−5

)(

3 TeV

mẽ

)

,

and

mφ̃−X̃ ≈
4

5
λ
√

|mφ,rad|2 (10)

D D

DD

Hooper, KZ (2008)m2
D = − g2g′2

128π4
m2

f̃
log

(
Λ2

UV

m2
f̃

)

" −5 MeV2

(
gg′

3× 10−6

)2



Kinetic Mixing

A mechanism for naturally generating GeV 
scale

2

low velocity cross section must be suppressed. Furthermore,

the product of the couplings of the mediating particle to elec-

trons 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 re-

quire gUXX >∼ gUee. Such constraints are satisfied if, for

example, the gauge coupling of the mediator to the dark mat-

ter 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 hid-

den sector (including the dark matter candidate and mediator)

have their MeV-scale masses generated through radiative cor-

rections suppressed by their ∼ 10−5 couplings to the visible

sector supersymmetry breaking masses.

With this goal in mind, we set out to construct a model

including a stable dark matter candidate with an MeV-scale

mass which annihilates to electrons through anMeV-scale me-

diator with an O(10−5) effective coupling. We begin with a
minimal model consisting of one chiral superfield, Ξ, and one
vector superfield, U . Together, these fields constitute a hid-
den sector. The superfield, Ξ, plays a dual role in our model.
In particular, the scalar component of Ξ, which we denote as
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
coupling of U to the Standard Model fields can occur through

kinetic mixing with hypercharge, U(1)Y , through a term in

the Lagrangian, Lkin = χBµνUµν , where Fµν and Uµν are

the field strength tensors for the hypercharge and U gauge

bosons, and χ ∼ 10−5. The mixing through kinetic terms

which give rise to an effective coupling between the U boson

and Standard Model fields is shown in Fig. ??.

The exact form of the couplings ofU to the StandardModel

fields can be worked out as follows (see, e.g., Ref. [? ] for

details). In the basis with non-zero kinetic mixing, the mass

matrix is diagonal, with the U boson gaining its mass only

from the vev of X . The hidden sector kinetic terms are given
by:

Lkin = −
1

4
UµνUµν −

χ

2
BµνUµν (2)

−
∣

∣

∣

∣

(

∂µ −
1

2
gUXXhXUµ

)

X

∣

∣

∣

∣

2

,

where hX is the U(1)h hypercharge of X . A GL(2) trans-

formation can be performed to diagonalize the kinetic terms,

which leaves the mass matrix in non-diagonal form. An or-

thogonal transformation diagonalizes the mass matrix while

leaving the kinetic matrix diagonal. This leads us to a mass

eigenstate with m2
U ≈ g2

UXX〈X〉2/2 and with couplings to
electrons given by gUeLeL

≈ g′χ sin2 θW and gUeReR
≈

g′χ (1 + sin2 θW ), where g′ = e/ cos θW is the Standard

Model U(1)Y coupling.

X̃

X̃

U B

e−

e+

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 gUee ∼ χ,
precisely what is required in the MeV dark matter model.

The photon mass and couplings are unchanged by the mix-

ing, 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 theU(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 expec-

tation value (vev), in a manner exactly analogous to the Higgs

mechanism. In order for the vev to be stable and non-zero,

the scalar potential must have both a negative mass squared,

which we will generate through radiative corrections, and a

|X |4 contribution, which comes from SUSY-preserving D-
terms. The D-term gives a contribution to the potential of
1
2
h2

Xg2
UXX |X |4, where hX is the charge of X under U(1)h.

The negative mass squared which breaks the symmetry results

from two loop diagrams analogous to gauge mediated SUSY

breaking [? ], except in this case the Standard Model fields

and their superpartners run in the loop, instead of messenger

fields (see Fig. ??). Depending on the scale of the cutoff, the

mass squared can be negative. The full expression for the ra-

diative mass contribution toX is given by (see Ref. [? ]):

m2
X,rad =

g2
UXXg2

Uff

128π4
m2

fh2
XF (y), (3)

where

F (y) = −(2y − 4) log
Λ2

UV

m2
f

+ 4y − 8 + 2y log y (4)

+(1 + y) log2 y + 2(1 − y)Li2(1 −
1

y
)

+2(1 + y)Li2(1 − y),

and mf is the mass of the fermionic Standard Model field

in the loop and y = m2

f̃
/m2

f . Yf is the hypercharge of

the Standard Model field in the loop and ΛUV is the scale

D

D

Arkani-Hamed, Finkbeiner, Slatyer, Weiner              
Pospelov and Ritz

Cheung, Ruderman, Wang, Yavin
χ

m2
D = −g2g′2χ2

128π4
m2

f̃
log

(
Λ2

UV

m2
f̃

)

" −5 GeV2

(
gg′χ

3× 10−3

)2
m2

D ∼ g′χv2 cos 2β



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

a)

χ

χ

φ

φ

φ
...

mφ ∼ GeV

b)

χ

χ

φ

φ

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).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40% µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].

X

X̄

U

U
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 

Found both classes of models have 
qualitatively different cosmology than SUSY 
neutralinos

There is a broad world of DM models to 
explore!

Asymmetric Dark Matter
GeV Hidden Sectors


