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•  Astrophysical observations **might**  be indicating deviations from vanilla cold dark matter. 

6 M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat

Figure 3. Rotation curves for all subhalos with V
infall

> 30 km s�1 and V
max

> 10 km s�1, after excluding Magellanic Cloud analogs, in
each of the six Aquarius simulations (top row, from left to right: A, B, C; bottom row: D, E, F). Subhalos that are at least 2� denser
than every bright MW dwarf spheroidal are plotted with solid curves, while the remaining subhalos are plotted as dotted curves. Data
points with errors show measured V

circ

values for the bright MW dSphs. Not only does each halo have several subhalos that are too
dense to host any of the dSphs, each halo also has several massive subhalos (nominally capable of forming stars) with V

circ

comparable
to the MW dSphs that have no bright counterpart in the MW. In total, between 7 and 22 of these massive subhalos are unaccounted for
in each halo.

of V
circ

(r
1/2) for the bright Milky Way dwarf spheroidals.

As in Fig. 2, we plot only halos with V
infall

> 30 km s�1

and V
max

(z = 0) > 10 km s�1. Subhalos that are at least 2�
more massive than every dwarf (at r

1/2) are plotted as solid
curves; these are the “massive failures” discussed in BBK,
and each halo has at least four such subhalos. Fig. 3 shows
that each halo has several other subhalos with V

infall

> 30
that are unaccounted for as well: for example, halo B has
three subhalos that are not massive failures by our defini-
tion but that are inconsistent at 2� with every dwarf except
Draco. Even ignoring the subhalos that are completely un-
accounted for (and are yet more massive than all of the MW
dSphs), the remaining massive subhalos do not resemble the
bright MW dSph population.

3.3 High redshift progenitors of massive subhalos

To investigate the possible impact of reionization on our re-
sults, we show the evolution of the progenitors of all subhalos
with V

infall

> 30 km s�1 in Figure 4. The solid curve show
the median M(z), while the shaded region contains 68% of
the distribution, centered on the median, at each redshift.

For comparison, we also show T
vir

(z) = 104 K (the tempera-
ture at which primordial gas can cool via atomic transitions)
and 105 K (dashed lines), as well as the mass Mc(z) below
which at least half of a halo’s baryons have been removed
by photo-heating from the UV background (Okamoto et al.
2008). Subhalos with V

infall

> 30 km s�1 lie above Mc and
T
vir

= 104 K at all redshifts plotted, indicating that they are
too massive for photo-ionization feedback to significantly al-
ter their gas content and thereby inhibit galaxy formation.

Figure 5 focuses on the z = 6 properties of these sub-
halos. It shows the distribution of halo masses at z = 6
for “massive failures” (open histogram) and the remaining
subhalos (filled histogram), which are possible hosts of the
MW dSphs. The massive failures are more massive at z = 6,
on average, than the potentially luminous subhalos. This
further emphasizes that reionization is not a plausible ex-
planation of why the massive failures do not have stars: the
typical massive failure is a factor of ten more massive than
the UV suppression threshold at z = 6. Implications of this
result will be discussed in Boylan-Kolchin et al. (in prepa-
ration).

In a series of recent papers, Broderick, Chang, and

c� 2012 RAS, MNRAS 000, 1–17

Boylan-Kolchin et al. (2012) 
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tidal mass, converted from estimated Vmax Ackn. K. Stewart & J. Bullock 

Possible Hints of Physics Beyond Cold 

Dark Matter

1. Dwarf Galaxy Problem: the number of 

detected dwarf galaxies in the Local Group 

of the Milky Way appears to be much lower 

than predicted by the CDM paradigm. (Moore et al. 

1999; Strigari et al. 2007)

2. Mass Profile of Dwarf Spheroidal (dSph) 

Galaxies: the inner mass profile of dSphs is 

observed to be consistent with a “core” of 

constant density while CDM simulations 

predict a “cuspy” profile. (de Blok, W. J. G , 2010; Walker, M. G. 

& Penarrubia, J., 2011)

Cusp

Wednesday, January 11, 2012

Walker & Penarrubia (2011) Ackn.: K. Stewart and J. Bullock 

“Core-Cusp” Problem 

“Missing Satellite” Problem 

“Too Big to Fail” Problem 

“Merging Cluster” (??) 

Mahdavi  et al. (2007)  
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Poisson and clustered point source amplitudes, and the SZ amplitude (Keisler et al. 2011). For ACT we use the
148 GHz power spectrum from Das et al. (2011) in the multipole range 500 < l < 10000, marginalizing over the same
clustered point source and SZ amplitudes as in the SPT likelihood, but over a separate Poisson source amplitude.

In addition to the temperature spectra, both ACT and SPT have estimated the deflection spectra due to gravitational
lensing (Das et al. 2011; van Engelen et al. 2012). These measurements are consistent with predictions of the ⇤CDM
model fit to WMAP. When we incorporate SPT and ACT data in the nine-year analysis, we also include the lensing
likelihoods provided by each group19 to further constrain parameter fits.

New observations of the CMB polarization power spectra have also been released by the QUIET experiment (QUIET
Collaboration 2011, 2012); their TE and EE polarization spectra are in excellent agreement with predictions based
primarily on WMAP temperature fluctuation measurements. These data are the most recent in a series of polarization
measurements at l & 50. However, high-l polarization observations do not (yet) substantially enhance the power of
the full data to constrain parameters, so we do not include them in the nine-year analysis.

Fig. 1.— A compilation of the CMB data used in the nine-year WMAP analysis. The WMAP data are shown in black, the extended
CMB data set – denoted ‘eCMB’ throughout – includes SPT data in blue (Keisler et al. 2011), and ACT data in orange, (Das et al. 2011).
We also incorporate constraints from CMB lensing published by the SPT and ACT groups (not shown). The ⇤CDM model fit to the
WMAP data alone (shown in grey) successfully predicts the higher-resolution data.

2.2.2. Baryon Acoustic Oscillations

The acoustic peak in the galaxy correlation function has now been detected over a range of redshifts from z = 0.1
to z = 0.7. This linear feature in the galaxy data provides a standard ruler with which to measure the distance ratio,
DV /rs, the distance to objects at redshift z in units of the sound horizon at recombination, independent of the local
Hubble constant. In particular, the observed angular and radial BAO scales at redshift z provide a geometric estimate
of the e↵ective distance,

DV (z) ⌘ [(1 + z)2 D2
A(z) cz /H(z)]1/3, (1)

where DA(z) is the angular diameter distance and H(z) is the Hubble parameter. The measured ratio DV /rs, where
rs is the co-moving sound horizon scale at recombination, can be compared to theoretical predictions.

19 these codes are available at http://lambda.gsfc.nasa.gov

Successes of the Cold-Dark-Matter 

Paradigm

Cluster Dynamics

Galactic Rotation Curves

Cosmic Microwave Background

Small cross-section for self-

interaction  (e.g. Bullet Cluster)

Matter Power Spectrum

CDM

Wednesday, January 11, 2012Hinshaw et al., WMAP9 (2012) 

Tegmark et al. (2002) 

WMAP9 

ACT, 2011 

SPT, 2011 

Cosmological data are just 
beginning to be sensitive to physics 

beyond CDM, but the window is 
rapidly closing!  
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•  In the vanilla WIMP scenario, dark matter decouples from the 
standard model plasma in the very early Universe. 

•  This is a “particle-physics motivated” prior, not a result from 
cosmological observations.  

•  What do cosmological data actually say about dark matter 
interactions?? 

•  A useful toy model to answer this question is Atomic Dark Matter. 

INTERACTING DARK MATTER: 
COSMOLOGICAL PERSPECTIVES 



ATOMIC DARK MATTER 

•  Postulate a new U(1) gauge force in the (hidden) Dark Sector. 

•  The dark matter is made of two oppositely-charged fermions 
(dark ‘electron’ and dark ‘proton’). 

•  The Dark Sector is neutral overall (no long-range force). 

•   The Model is fully described by 4 parameters: 

This model has a very rich phenomenology despite its minimal 
set of ingredients. 

2/01/13 Francis-Yan Cyr-Racine, Caltech/JPL 5 
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Phys. Lett. B174 (1986) 151 

ATOMIC DARK MATTER: ORIGINS 

 See also D. E. Kaplan et al. 2011, 2012. 



ATOMIC DARK MATTER: 
THERMAL HISTORY 

•  In the early Universe, the Dark Sector form a hot ionized plasma. The dark 
fermions are tightly-coupled to the dark radiation. 

•  At late times, three important processes happen: 

•  Dark Recombination: At TD << BD, the dark fermions can form neutral 
bound states. 

•  Kinetic Decoupling: Dark matter ceases to be dragged around by the dark 
radiation. 

•  Thermal Decoupling: The dark-matter temperature decouples from that of 
the radiation and begins cooling adiabatically. 

2/01/13 Francis-Yan Cyr-Racine, Caltech/JPL 7 



NEW ATOMIC REGIMES 

•  The thermal physics of dark 
atoms can be very different 
than that of atomic 
hydrogen. 

•  We have developed a very 
flexible code that can 
compute the thermal history 
of the dark sector for any 
choice of the dark 
parameters.  

2/01/13 Francis-Yan Cyr-Racine, Caltech/JPL 8 



Late-time Ionized Fraction 
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Evolution of Fluctuations 

2/01/13 Francis-Yan Cyr-Racine, Caltech/JPL 

10 Francis-Yan Cyr-Racine, Caltech/JPL 2/01/13 



•  A new “DAO” scale corresponding to the size of the “dark” sound horizon at kinetic 
decoupling emerges in the dark-matter density field. 

•  On smaller scales, the interaction of dark matter with the dark radiation suppresses 
the amplitude of fluctuations. 

Evolution of Fluctuations 

2/01/13 Francis-Yan Cyr-Racine, Caltech/JPL 11 



MATTER POWER SPECTRUM 

⌅ ⇥ 0.37
⇤D ⇥ 0.008
BD ⇥ 1 keV
mD ⇥ 1 GeV

10�5 0.001 0.1 10
10�17

10�13

10�9

10�5

0.1

1000

k �h⇧Mpc⇥

P
⇤k⌅�⇤h

�
1
M
p
c⌅3 ⇥

Atomic Dark Matter

Standard CDM

kcut 

BAO 

DAO 

2/01/13 Francis-Yan Cyr-Racine, Caltech/JPL 12 

See my work with Leonidas 
Moustakas. 
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CORRELATION FUNCTION 
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•  There are 2 effects that can allow us to distinguish an “atomic dark 
matter scenario” to a ΛCDM Universe (assuming the same 
background cosmology!): 

u Since the dark radiation is tightly-coupled at early time, the 
photon fluctuations do not obtain the usual phase shift and 
amplitude suppression associated with extra free-streaming 
neutrinos: 

u Dark matter fluctuations are only allowed to grow after it 
decouples from the radiation. 

COSMIC MICROWAVE BACKGROUND 

17
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FIG. 3: a) Adiabatic Green’s functions for neutrino (solid) and photon (dashed) number density perturbations in the radiation
era. The neutrino fraction, Rν , of the radiation density is assumed infinitesimal. b) Adiabatic Green’s functions for the
gravitational potentials Φ± ≡ (Ψ ± Φ)/2 in the radiation era. The solid and dashed curves are the sums of the O(R0

ν) and
O(Rν) terms for three neutrino species. The dotted line is Φ+ = Φ for Rν → 0.

appearing on its right hand side is the one provided
by the photon density perturbation (112). As for the
left hand side, where Ψ = Φ+ + Φ−, the only delta-
function comes from the double derivative of the term
(

χ2 − 1
3

)

pΦ θ
(

1√
3
− |χ|

)

in eq. (106). The equality of

these contributions requires

pΦ = −
√

3(1 − Rν)pγ . (114)

Substituting eq. (106) in (113) and eliminating pΦ with
the relation above, we obtain

pγ =
1

1 − 2Rν

[

3

2
ζin −

∫ 1

−1
dχF−(χ)

]

. (115)

Calculating pΦ from the last two equations is somewhat
easier than from eq. (107).

Now we have all the analytic tools to analyze how neu-
trinos affect CMB perturbations. The evolution of metric
perturbations without neutrinos is given by eqs. (108–
109). Then the photon density Green’s function follows
from eqs. (112, 115) as

d̄(Rν→0)
γ = −3ζin

[√
3 θ
(

1√
3
− |χ|

)

−

− 1
2 δD

(

|χ|− 1√
3

)]

.

(116)

Its Fourier transform (93) leads to the photon density
Fourier modes in the radiation era:

d(Rν→0)
γ (τ, k) = −3ζin

(

2 sinϕs

ϕs
− cosϕs

)

, (117)

with ϕs = kτ/
√

3. In particular, without neutrinos the
photon density modes oscillate under the acoustic hori-
zon (ϕs # 1) as a pure ϕs cosine.

The predictions for both the phase and the amplitude
of the photon mode oscillations differ when the gravity

of neutrino perturbations is taken into account. The os-
cillations of the Fourier modes on subhorizon scales are
described by the singular terms in the real space Green’s
functions. For the photon density (112) these are the
δ-function and (χ± 1√

3
)−1 singularities at χ = ± 1√

3
:

d̄γ(χ) = pγ δD

(

|χ|−
1√
3

)

+
2rγ

χ2 − 1
3

+ . . . , (118)

where

rγ = Φ̄+(1/
√

3) (119)

and the dots stand for more regular terms. The Fourier
transform of eq. (118) follows from the first and third
lines of Table II, where n is set to 0 and 1, as

dγ(τ, k) = 2
(

pγ cosϕs − rγπ
√

3 sinϕs

)

+ O(ϕ−1
s ) . (120)

A non-zero phase shift with respect to the cosϕs oscil-
lations is generated whenever rγ $= 0. By eq. (119) this
can happen for adiabatic perturbations if only some per-
turbations propagate faster than the sound speed in the
photon fluid, and thus are able to generate metric pertur-
bations beyond the acoustic horizon. This is the case for
the neutrino perturbations, propagating with the speed
of light, Fig. 3 a).

The values of pγ and rγ in eq. (118) are calculated
in O(Rν ) order in Appendix C. With its results (C6)
and (C7), the mode (120) can be presented as

dγ(τ, k) = 3ζin(1 + ∆γ) cos (ϕs + δϕ) + O(ϕ−1
s ) , (121)

where

∆γ % − 0.2683Rν + O(R2
ν) ,

δϕ % 0.1912 πRν + O(R2
ν) .

(122)

As demonstrated in Fig. 4 a), our theoretical predictions
are in excellent agreement with numerical calculations

Balshinsky & Seljak, 2004 
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•  Fourier modes entering the Hubble horizon before dark radiation 
kinematically decouples will not be affected by the amplitude suppression 
and phase shift. 

•  On the other hand, Fourier modes entering the Hubble horizon after 
kinematic decoupling will be. 

•  Key Signatures:  
1.  Non-uniform amplitude suppression and phase 

shifts across the CMB spectra. 
2.  Modified ratios of odd and even peaks in the TT 

spectrum. 

COSMIC MICROWAVE BACKGROUND 



THE DATA IS JUST BEGINNING TO 
CONSTRAINTS THESE EFFECTS 
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Fig. 6.— Marginalized two-dimensional (68, 95%) contours in
the Ne↵ � H0 plane. The two parameters are highly correlated,
with larger values of H0 leading to higher values of the e↵ective
number of relativistic degrees of freedom. Here BAO refers to the
combined 6dF and SDSS DR9 BAO measurements, while HST
is the H0 = 73.8 ± 2.4 km s�1 Mpc�1 measurement from Riess
et al. (2011). In contrast, the analysis of Chen & Ratra (2011)
prefers H0 = 65.5 ± 5.5 km s�1 Mpc�1, where the 95% error bar
includes both systematic and statistical errors. When combining
both BAO and HST measurements, Ne↵ is pushed to higher values
than in either of the individual cases, as Ne↵ tries to reconcile the
di↵erences in the distance ratio rs/DV (where rs is the co-moving
sound horizon at recombination and DV is an e↵ective geometric
distance) between the two probes. A similar trend is seen for the
matter density, ⌦ch2.

fore the Hubble constant in a flat universe) and the rel-
ativistic species, shown in Figure 6. In a flat universe,
higher H

0

leads to lower ⌦ch
2, which increases the power

on medium to small scales ` >⇠ 200 (as the radiation driv-
ing of the acoustic oscillations is reduced), leading in turn
to a larger value of N

e↵

needed to damp power in the
tail of the spectrum. The mild tension between the H

0

inferred through BAO distance measurements and the
Hubble constant measurements leads to a value of N

e↵

which is higher than the constraint when only the Hub-
ble constant is added to the CMB data. A similar trend
was seen in the recently released SPT results (Hou et al.
2012). Smaller values of the Hubble constant prefer lower
values of N

e↵

(e.g., Chen & Ratra 2011; Calabrese et al.
2012). The results are summarized in Table 3.

In addition, the correlation between the scalar spec-
tral index and the N

e↵

is shown in Figure 7. Decreasing

Fig. 7.— Marginalized two-dimensional (68, 95%) contours in the
Ne↵ � ns plane. The two parameters are strongly correlated, with
larger values of ns leading to higher values of the e↵ective number
of relativistic degrees of freedom. This figure is based on the 16
parameter fit of the standard cosmology and including variations
in Ne↵ .

power at small scales (through increasing N
e↵

) is com-
pensated by increasing the scalar spectral index, which
increases small-scale power.

Finally, we also consider an additional constraint from
the recent ACT measurement of the skewness induced
by the tSZ e↵ect (Wilson et al. 2012). The tSZ skew-
ness signal is more sensitive to �

8

than any other cosmo-
logical parameter (scaling approximately as �11

8

), allow-
ing for a tight constraint with few degeneracies. Using
theoretical calculations similar to those in Wilson et al.
(2012), we find that the most significant degeneracy is
with ⌦bh

2, for which the tSZ skewness scales approxi-
mately as (⌦bh

2)3.3. Thus, we include the �
8

constraint
from Wilson et al. (2012) in the following form

�
8

(⌦bh
2/0.0226)0.3 = 0.79 ± 0.03, (10)

where 0.30 = 3.3/11.1, and 11.1 is the fiducial scaling
of the tSZ skewness value with �

8

. In addition to its
correlation with ns, the e↵ective number of relativistic
degrees of freedom is strongly correlated with �

8

: as N
e↵

increases, so does �
8

, hence this prior lowers the e↵ective
number of relativistic degrees of freedom to N

e↵

= 2.55±
0.40.

The fact that ACT resolves the higher order peaks of
the CMB spectrum allows for comparison with models
that allow for departure from pure free-streaming (e.g.,
Cyr-Racine & Sigurdson 2012). The e↵ect on the small-
scale power of a model with dark photons which are ini-
tially coupled to dark matter and hence only start free-
streaming after they decouple - implies that the phase
shift and amplitude suppression associated with the free-
streaming of radiation will not be uniform across all mul-
tipoles. We leave the testing of such models to future
work.

4.3. Massive neutrinos

In the previous subsection, we estimated the number
of e↵ective relativistic species, N

e↵

. If N
e↵

is assumed
to arise solely from neutrinos impacting the CMB, these
are also assumed to be massless in our fiducial model.

Sievers et al. 2013 



Cosmic Microwave Background TT 
Spectrum 
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Cosmic Microwave Background EE 
Spectrum 
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Cosmic Microwave Background EE 
Spectrum 



ASTROPHYSICAL CONSTRAINTS 
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DIRECT DETECTION 
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In this note, we suggest that atomic dark matter (aDM) may answer a number of impor-
tant, open questions in cosmology. We find that aDM can generate the right DM abundance
and baryon asymmetry, contains additional relativistic degrees of freedom and is capable of
smoothing structure on much larger scales than conventional CDM candidates [39]. Further-
more, aDM may reconcile CoGeNT with constraints from null experiments. We also find
that the regions of aDM parameter space favored by CoGeNT are consistent with prelimi-
nary signals at CRESST [40]. Finally, we note that that the existence of both dark ions and
atoms within aDM gives rise to a unique halo structure.

Section 2 gives a brief overview of aDM; section 3.2 extends the simple framework to explain
both the dark matter abundance and the SM baryon asymmetry via the mechanism recently
proposed in [24]; section 3.3 describes and justifies the pattern of spontaneous symmetry
breaking in the dark sector; section 3.4 describes the recombination of multiple species of
dark atoms; section 4 reviews relevant direct detection signals, limits and constraints on the
aDM parameter space; subsection 4.1 includes a discussion of the novel aDM halo structure;
finally, section 5 summarizes our results and outlines future directions.

2 Review of aDM

Atomic dark matter consists of four Weyl fermions - E, Ec, P and Pc - charged under two
U(1)’s. The first, U(1)D, has vector couplings and is unbroken. The second, U(1)X , has
axial-vector couplings and is spontaneously broken by the vev of X which is also responsible
for the masses of E and P.

U(1)D U(1)X
E −1 −1
Ec 1 −1
P 1 1
Pc −1 1
X 0 2

Table 1. Field content and U(1) charges for aDM.

The axial gauge boson is kinetically mixed with SM U(1)Y through a coupling of the form
[41]

Lmix =
ε

2
BµνX

µν . (2.1)

This operator arises from integrating out a heavy fermion with vector couplings to both
U(1)’s so ε is given by:

ε(µ) =
gY gX
16π2

ln

(

Mheavy

µ

)

, (2.2)

where experimental constraints allow ε2 ! 10−5 for MX " 400MeV [42–44]. Note that the
existence of a U(1)gauge boson with this mass and coupling can ameliorate the discrepancy
between the standard model prediction and the measured value of the muon g-2 [42]. The
field content and interactions above are capable of producing a successful cosmology and
unique direct detection spectrum.

– 2 –

•  There are a few ways to couple atomic dark matter to the standard 
model: 

1  Mixing with the standard model hypercharge: 

2  Mixing with the standard photons (MADM): 

 D. E. Kaplan et al. 2011, 2012. 
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Millicharged Atomic Dark Matter

James M. Cline, Zuowei Liu, and Wei Xue
Department of Physics, McGill University, 3600 Rue University, Montréal, Québec, Canada H3A 2T8

We present a simplified version of the atomic dark matter scenario, in which charged dark con-
stituents are bound into atoms analogous to hydrogen by a massless hidden sector U(1) gauge
interaction. Previous studies have assumed that interactions between the dark sector and the stan-
dard model are mediated by a second, massive Z′ gauge boson, but here we consider the case where
only a massless γ′ kinetically mixes with the standard model hypercharge and thereby mediates di-
rect detection. This is therefore the simplest atomic dark matter model that has direct interactions
with the standard model, arising from the small electric charge for the dark constituents induced by
the kinetic mixing. We map out the parameter space that is consistent with cosmological constraints
and direct searches, assuming that some unspecified mechanism creates the asymmetry that gives
the right abundance, since the dark matter cannot be a thermal relic in this scenario. In the special
case where the dark “electron” and “proton” are degenerate in mass, inelastic hyperfine transitions
can explain the CoGeNT excess events. In the more general case, elastic transitions dominate, and
can be close to current direct detection limits over a wide range of masses.

1. INTRODUCTION

In recent years there has been increased interest in dark
matter models in which the dark sector has some of the
richness of the visible sector, such as hidden gauge inter-
actions [1]-[7] and flavor. A natural possibility to consider
is an unbroken U(1) gauge symmetry that would give rise
to bound states, i.e., atomic dark matter [8]-[11]. In this
case there should be a further resemblance to the visible
sector in that the dark matter must be asymmetric [12]
in order to have the right abundance; otherwise the U(1)
coupling must be so weak that recombination in the dark
sector does not occur efficiently and the would-be atoms
remain predominantly ionized [13].

Atomic dark matter can have interesting properties
with respect to direct detection, because of the possibility
of inelastic scattering to excited states of the atom, no-
tably through hyperfine transitions. In previous studies
it has been shown that inelastic transitions can help to
reconcile the DM interpretation of CoGeNT events [14]
with null results from Xenon10 [15]. In refs. [10, 11] it
was assumed that the hyperfine transitions were medi-
ated by the kinetic mixing of the photon with a massive
dark vector boson that couples to the axial vector cur-
rent of the DM. In the present work we explore a simpler
possibility [8]: one can rely upon mixing of the photon
with the massless γ′ that is already present due to the un-
broken U(1) gauge symmetry. This is a very economical
model, while still endowed with the rich phenomenology
of the atomic DM scenario.

Because of the kinetic mixing, the constituents of the
dark atoms acquire small electric charges εe; thus the
interactions that give rise to direct detection are electro-
magnetic. We show that direct searches in fact give the
strongest bounds on ε in this model; thus such detections
could be imminent. In fact in the special case where the
two constituents have equal mass, we offer an interpreta-
tion for the excess events reported by CoGeNT, relying
upon inelastic interactions.

2. DIRECT DETECTION

We follow the notation of ref. [10] by denoting the dark
analogues of the proton, electron, and hydrogen atom by
p, e, H. The Lagrangian is

L = ē(i /D
′ −me)e+ p̄(i /D

′ −mp)p

− 1

4
FµνF

µν − 1

4
F̃ ′

µν F̃
′µν + 1

2
ε̃Fµν F̃

′

µν (1)

where F is the electromagnetic field strength and F̃ ′ is
that of the massless γ′. D′ is the covariant derivative
with respect to F ′: D′ = ∂ ± igA′, where g is the U(1)d
dark coupling constant. We ignore the small mixing of
the γ′ with the Z boson, and hence refer to F as the elec-
tromagnetic rather than the hypercharge field strength.
ε̃ is the gauge kinetic mixing parameter. The gauge bo-
son kinetic terms can be diagonalized to first order in
ε̃ by letting F̃ ′ = F ′ + ε̃F . Then A′

µ couples only to
the dark current gJµ

d while the photon Aµ couples to
eJµ

em + ε̃gJµ
d [16, 17]. The DM particles thus acquire

millicharges ε̃g ≡ εe under the electromagnetic U(1). We
will refer to ε rather than ε̃ in the remainder of the paper.

2.1. me ! mp case

Dark atom interactions. The low-energy interac-
tions of H are screened due to its net charge neutrality.
Let us first consider the generic regime where me # mp.
In this limit, the Fourier transform of the H electric
charge density is given by ρ̃H ∼= εe a′0

2 q2/2 at low wave-
number q # 1/a′0, where a′0 ∼= 1/(α′me) is the Bohr
radius of H, and α′ = g2/4π. We assume that me # mp

in our approximation for a′0. The factor of q
2 in ρ̃ cancels

the factor of 1/q2 coming from the gauge boson propaga-
tor in Coulomb gauge, so that the scattering of H on a
proton in a DM detector will not be long-range, but will
instead appear as a contact interaction, with

σp = 4π α2ε2µ2a′0
4

(2)

J. Cline et al. 2012. 

Key: Inelastic scattering due to the dark hyperfine transitions. 
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Figure 4. DAMA (yellow/green) and CoGeNT (purple/blue) 90% and 95% favored regions with
CDMS-II Soudan exclusion lines (red, solid). In (a) we also include the older XENON 10 bounds
[28, 29] using the published low-recoil sensitivity (black, dashed) and a modified efficiency which
omits the lowest bin (black, dotted) to take into account the uncertainty in Leff . In (b) we use
the most recent XENON 10 release [30] which is more constraining for larger hyperfine splittings.
Similar considerations result in two exclusion lines using the published low-threshold sensitivity (black,
dashed) and a modified efficiency (black, dotted) with a 2 keV threshold. The CoGeNT favored
region is not constrained by XENON 100 because the low-energy threshold is above the characteristic
nuclear recoil energies that explain CoGeNT . Both plots assume a local dark matter density of
ρdm = 0.3GeV/cm3, however only (ep) bound states scatter, so the effective density of scattering
particles is ρdm/2. Following the discussion in Section 4.1, we neglect the effects of dark-ion scattering
as their local density is highly suppressed.

the most recent CDMS analysis and the more constraining XENON exclusion, while the less
aggressive treatment of XENON’s low-threshold behavior does leave some parameter space
for DAMA6. Third, note that increasing the hyperfine splitting does not have much of an
effect on the allowed region for CoGeNT. This is reasonable, given that CDMS puts the
tightest constraints on aDM and both CoGeNT and CDMS both look for Ge recoils. Dark
atoms are not ruled out by the low-threshold results of CDMS or XENON, while light WIMPS
apparently are, because the aDM recoil spectrum goes to zero linearly at low energies. In
contrast, WIMP scattering is exponentially more likely at low recoil.

Finally, there is the matter of CRESST. Since the CRESST detector is made of Calcium -
Tungstate (CaWO4) crystals, and the Oxygen/Tungsten recoils bands are distinguishable,
CRESST is able to contemporaneously search for light DM scattering and heavy DM scatter-
ing, respectively. Preliminary results suggest that with O(550) kg-days of exposure CRESST
sees roughly 23 events in the Oxygen band [40]. We find that the regions preferred by Co-
GeNT for Ehf = 5, 15 keV are consistent at the 90% confidence level, with the count rate in
Oxygen at CRESST. We find that, generically, the DAMA preferred region predicts a count
rate at CRESST which is about four times too large.

5 Discussion

In this article we have studied the rich cosmology and parameter space of atomically bound
dark matter. The abundance of dark atoms can be tied to the baryon asymmetry in which

6We also point out that the tension between DAMA and CoGeNT is not alleviated by ignoring the shape
of the DAMA spectrum and considering only the net count rate.
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•  We generally need  me =  mp  to ensures the dominance of inelastic scattering: 

Xenon10 

CDMS 



2/01/13 Francis-Yan Cyr-Racine, Caltech/JPL 23 

11

5 6 7 8 9 10 11 12 13 14
!41.4

!41.2

!41.

!40.8

!40.6

mΧ !GeV"

L
o
g
#Σ
Χ
p
$c

m
2
%

X
E
N
O
N
1
0
0

CDM
S

X
E
N
O
N
1
0

eDM, fn$ fp$1

debris!flow

7 8 9 10 11 12

!40.

!39.5

!39.

!38.5

!38.

!37.5

mΧ !GeV"

L
o
g
#Σ
Χ
p
$c

m
2
%

X
E
N
O
N
1
0
0

CDMS

X
E
N
O
N
1
0

iDM, fn$ fp$1

∆Χ$20.7 keV

debris!flow

8 9 10 11 12 13 14
0.

0.01

0.02

0.03

0.04

mH !GeV"

Ε
X
E
N
O
N
1
0
0

X
E
N
O
N
1
0

CDMS

MADM

∆H $ 22.6 keV

debris!flow

7 8 9 10 11 12
!40.

!39.5

!39.

!38.5

!38.

!37.5

!37.

mΧ !GeV"

L
o
g
#Σ
Χ
p
$c

m
2
%

X
E
N
O
N
1
0
0

CD
M
S

X
E
N
O
N
1
0

iDM, fn$ fp$1

∆Χ$23.7 keV

debris!flow

8 9 10 11 12 13 14
0.

0.01

0.02

0.03

0.04

0.05

0.06

mH !GeV"

Ε

X
E
N
O
N
100

X
E
N
O
N
1
0

CDMS

MADM

∆H $ 24.8 keV

debris!flow

5 6 7 8 9 10 11 12 13 14
!41.4

!41.2

!41.

!40.8

!40.6

mΧ !GeV"

L
o
g
#Σ
Χ
p
$c

m
2
%

X
E
N
O
N
1
0
0

CDM
S

X
E
N
O
N
1
0

eDM, fn$ fp$1

Maxwellian

7 8 9 10 11 12

!40.

!39.5

!39.

!38.5

!38.

!37.5

mΧ !GeV"

L
o
g
#Σ
Χ
p
$c

m
2
%

X
E
N
O
N
100

CDMS

X
E
N
O
N
1
0

iDM, fn$ fp$1

∆Χ$20.7 keV

Maxwellian

8 9 10 11 12 13 14
0.

0.01

0.02

0.03

0.04

mH !GeV"

Ε

CoGeNT 68.3' C.L.

CoGeNT 95.5' C.L.

CoGeNT 99.7' C.L.

XENON100

X
E
N
O
N
1
0

CDMS

MADM

∆H $ 22.6 keV

Maxwellian

2nd best−fit mass splittings

Best−fit mass splittings

iDMeDM MADM

M
ax

w
el

li
an

d
eb

ri
s 

fl
o
w

d
eb

ri
s 

fl
o
w

Figure 10: CoGeNT best fit regions and constraints for the eDM, iDM and MADM models (left to right) for Maxwellian DM
velocity distribution (top row) and including debris flow contribution (second and third rows). The middle row sets the mass
splittings to the values corresponding to the global minima of the �2 for iDM and MADM, while the bottom row corresponds
to the higher local minima. The eDM and iDM results are for the isospin-conserving fn = fp case.
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Figure 10: CoGeNT best fit regions and constraints for the eDM, iDM and MADM models (left to right) for Maxwellian DM
velocity distribution (top row) and including debris flow contribution (second and third rows). The middle row sets the mass
splittings to the values corresponding to the global minima of the �2 for iDM and MADM, while the bottom row corresponds
to the higher local minima. The eDM and iDM results are for the isospin-conserving fn = fp case.
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•  Atomic dark matter constitutes a simple yet powerful test bed for 
physics beyond CDM. 

•  The new DAO scale emerges in the dark matter density field; below 
this scale, dark matter fluctuations are suppressed. 

•  The decoupling of dark radiation and dark matter can leave distinct 
imprints on the CMB. 

•  Astrophysical constraints favor dark atoms that are both more 
massive and have a higher binding energy than regular atomic 
hydrogen. 

CONCLUSIONS 


