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FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter with standard model particles (SM) for each experimental approach.

future colliders, produce dark matter particles, which escape the detector, but are discovered
as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.
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Dipole	  DM	

•  DM	  with	  a	  dipole	  moment:	  Coupling	  of	  DM	  to	  photon.	  
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Figure 1: One-loop contributions to DM dipole moment due to a charged fermion-scalar pair.
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Figure 2: One-loop contribution to DM mass due to a charged fermion-scalar pair.

with the same approximate form for µχ. There might be some worry that loops involving these heavy

charged intermediaries, shown in Figure 2, would push the natural DM mass beyond the MeV or GeV

scale. The contribution from this diagram is

δmχ ≈
g2M

16π2
. (3)

The important feature of this expression is that decreasing the coupling g between DM and the heavy

intermediaries decreases the effective scale contributing to the DM mass. However, this decrease in g

actually increases the effective scale contributing to the DM dipole moment. This means that for a generic

set of heavy charged intermediaries, a large effective dipole scale does not imply a large mass contribution,

provided the coupling with DM is small. For example, a charged fermion-scalar pair with M ≈ 500 GeV

and g ≈ 0.2 would contribute δmχ ≈ 100 MeV and dχ ≈ 3 × 10−4 TeV−1. As we will show in section

4, the enhanced cross-sections of dipole interactions at low momentum transfer make them the strongest

candidate for detection with CDMSLite, with experimental sensitivity to effective mass scales ! 103 TeV.

2.2. Effective Pointlike Vertex

The next simplest extension is the dimension-six effective four-fermion vertex, which corresponds to

the exchange of a very massive mediator (such as a scalar or vector) which is then integrated out of the

theory. An example is the vector-channel operator

4

µ ~ eg
2

M

µ ≡ 1
Λ

LMDM = −
i
2
µχσ µν χFµν page 1/1
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Pospelov	  and	  Veldhuis	  (2000),	  Sigurson	  et	  al(2004),	  Barger	  et	  al	  (2012),	  Heo	  and	  Kim	  (2012),Graham	  (2012)	  Nobile	  et	  al	  (2013),..	
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Previous	  relevant	  works	  on	  dipole	  DM	

For\n	  and	  Tait	  (2011)	  

	  
	  
	  	

Pospelov	  et	  al	  (2000),	  Sigurson	  et	  al	  (2004),	  Masso	  et	  al(2009),Banks	  et	  al	  (2010),Fitzpatrick	  et	  al	  (2010),	  
Essig+11,	  Graham	  et	  al	  (2012),	  Del	  Nobile	  et	  al	  (2013)…	

Figure 1: 90% confidence level (CDMS-II, XENON100, DAMA, CoGeNT, LEP, Tevatron)
and 5σ reach (LHC) plots for direct detection and collider experiments for DMDM with
magnetic dipole moment. The dash line corresponds to the 90% confidence level plot for the
low threshold CDMS analysis.

5 Discussion and Conclusion

We have considered a dark matter particle which interacts with the Standard Model through
an electric or magnetic dipole moment. This is an interesting portal connecting the dark
sector to ordinary matter, mediated by the massless photon. As such, it is also one of the
most challenging cases for colliders, because its rate drops rapidly with the mass of the
WIMP.

We have considered updated direct detection bounds from CDMS, the thermal relic
density, and collider constraints from LEP II and the Tevatron. We have also considered
the long-term LHC prospects for a discovery in the channel of ψψ̄+ jet. Our results are
summarized in Figures 1 and 2.

For masses between a few to 100 GeV, direct detection constraints are already quite

8

µ ≡ gM
mDM
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ILC	
	  
•  500GeV	  CM	  with	  31km	  (First	  stage	  250	  GeV	  Higgs	  Factory)	  
	  -‐>	  upgrade	  later	  to	  1TeV	  CM	  with	  50	  km	  	  
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Figure 1. Feynman diagrams for radiative WIMP pair-production in e+e� collisions, in the

operator formalism.

2 Setup

While the operator formalism can be used for WIMPs of any spin, we will assume,

for concreteness, that the WIMP is a spin-1/2, Dirac fermion �. The coupling of the

WIMPs to electrons and positrons has the form

L
int

=
1

⇤2

Oi , (2.1)

where ⇤ roughly corresponds to the energy scale of new physics that provides the

coupling, and Oi is one of the following four-fermion operators [6]:

OV = (�̄�µ�)(¯̀�
µ`) , (vector)

OS = (�̄�)(¯̀̀ ) , (scalar, s� channel)

OA = (�̄�µ�5�)(¯̀�
µ�5`) , (axial� vector)

Ot = (�̄`)(¯̀�) , (scalar, t�channel). (2.2)

The notation in parenthesis describes the simplest kind of a mediator particle that

would induce each operator. We will always consider the case when the mediator mass

is well above the collision energy
p
s, and our results will not depend on how the opera-

tors (2.2) are induced; the names are only used as a convenient way to label operators.

Since the WIMPs do not interact in the detector, the 2 ! 2 process e+e� ! �̄� is

invisible; an extra “tag” particle needs to be added to the final state to make it observ-

able. A photon can always be emitted from the initial state independently of the nature

of the WIMPs and their couplings, making it a robust choice for the tag particle [1].

We will thus consider the process e+e� ! �̄��, mediated by Feynman diagrams in

Fig. 1, and leading to the observable � +E/ final state. We have computed the double-

di↵erential cross sections, d2�
dE�d cos ✓

, analytically for each of the four interactions listed

– 4 –

Mono-jet and mono-photon signatures of dark matter

Idea: Pair production of DM + some visible particles

Tevatron, LHC: Mono-jets
�–q coupling probed in jet(s) + /

E

T

q

q̄

�

�̄

CDF (1.1 fb�1): 0807.3132,
ATLAS (1 fb�1): ATLAS-CONF-2011-096,
CMS (1.1 fb�1) : CMS-PAS-EXO-11-059
Goodman Ibe Rajaraman Shepherd Tait Yu

1005.1286, 1008.1783
Rajaram Shepherd Tait Wijangco 1108.1196
Bai Fox Harnik, 1005.3797
Fox Harnik JK Tsai 1109.4398

LEP, Tevatron, LHC: Mono-�
�–f coupling probed in photon + /

E

f

f̄

�

�̄

DELPHI (650 pb�1): hep-ex/0406019, 0901.4486
CDF (2 fb�1): 0807.3132
DØ(1 fb�1): 0803.2137
CMS (1.14 fb�1): CMS-PAS-EXO-11-058
Fox Harnik JK Tsai 1103.0240, 1109.4398

Joachim Kopp Collider searches for dark matter 6



The produced DM can escape the SN core if their mean free path is larger than the core size (of
order 10 km), enhancing the SN cooling rate. Such cooling due to the light DM can shorten the SN
neutrino signals. For e−(p1)e+(p2) → χ(p3)χ̄(p4), the emissivity, the energy emitted per time and
volume, is

Ė =

!

dΠi=1,4
d3pi

2Ei(2π)3
(2π)4δ4(p1 + p2 − p3 − p4)f1f2(1− f3)(1− f4)|M |2(E3 + E4) (3)

where fi = [e(Ei−µi)/Tc +1]−1 is the Fermi-Dirac distribution function. The matrix element squared,
summed over the initial and final state spins, for the magnetic dipole interaction becomes

|M |2 =
64µ2e2

q4
(p1 · p2)[(p3 · p2)(p4 · p2) + (p3 · p1)(p4 · p1) +m2

χ(p1 · p2)] (4)

where q = p1 + p2, mχ is the DM mass. We for simplicity ignore the electron mass me ≪
√
s in

our analysis (s is the usual Mandelstram varaibale representing the center of mass energy squared).
Performing the phase space integration under the constraint s ≥ 4m2

χ for the kinematic reason,

Ė =
2απ2µ2

3

! ∞

4m2
χ

ds

! ∞

√
s

dE+

!

√
E2

+−s

−
√

E2
+−s

dE−sE+f1f2

"

1−
4m2

χ

s

#

1 +
8m2

χ

s

$

(5)

f1 =
1

e(E++E−−2µe)/(2Tc) + 1
, f2 =

1

e(E+−E−+2µe)/(2Tc) + 1
(6)

where α is the fine structure constant and we assume the complete final-state phase space is es-
sentially available and ignore the Pauli blocking factors of the DM for simplicity. In deriving the
above expression, we changed the variables (E1, E2, θ) to (E+ = E1 + E2, E− = E1 − E2, s =
2m2

e +2E1E2− 2p1p2 cos θ) (θ is the angle between the three momenta p1,p2, and p = |p|). We nu-
merically integrate Eq. 5 to obtain the upper bounds on the dipole moment. To obtain the reliable
upper bounds on the dipole moment from the SN energy loss rate, one would need to implement the
additional enegy loss channel given above into a SN simulation code for various DM mass values.
For the purpose of our paper to illustrate the compatibility of the astrophysical (SN) and collider
(ILC) constraints on the DM properties, we instead perform the analytical estimation by applying
the conventional Raffelt criteria which requires the emissivity for the new energy loss mechanism
to be less than 1019 erg/g/s not to invalidate the SN 1987A neutrino signals [48, 49, 50].

2.4 Results

The potential ILC sensitivity on the DM magnetic dipole moment is shown in Fig. 1 for the
polarized beams of electron and positron with the polarization P (e+, e−) = (−30%,+80%) for√
s = 500 GeV and 1 TeV. The figure shows the bounds for

√
s = 500 GeV with the integrated

luminosity 250/fb and
√
s = 1 TeV with the integrated luminosity 500/fb. The improvement on the

dipole moment upper bounds is about 30% by changing from (500 GeV, 250/fb) to (1 TeV, 500/fb).

4
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Figure 1: The bounds on the DM magnetic dipole moment from the ILC and the SN. The regions
above the ILC solid lines can be excluded from the mono-photon signal search. The SN energy loss
due to the freely streaming DM excludes the region above the SN solid line due to the excessive
cooling and below the dotted line representing the DM trapping in the core.

The sensitivity of the collider constraints on the DM mass is small because
√
s ≫ mχ, and indeed

increasing the beam energy does not improve the constraints so much and the improvement mainly
comes from the increase in the integrated luminosity. The energy loss per time per mass of the SN
is Ė/ρ with ρ being the mass density and the SN cooling constraints on the dipole moment from
the Raffelt criterion Ė/ρ < 1019 erg/g/s is shown in Fig. 1. In our estimation, for concreteness,
we use the constant density of ρ ∼ 3 × 1014g/cm3, the core temperature Tc = 30 MeV and the
electron chemical potential µe = 200 MeV 3. The SN emission rate is not so sensitive to the DM
mass when m ≪ Tc, but its sensitively rapidly decreases once the DM mass exceeds O(102) MeV
for a typical core temperature of Tc ∼ 30 MeV for the kinematic reason. The SN bounds on the
magnetic dipole moment turn out to be much tighter than those from the ILC for the lower mass
range of mχ ! 102 MeV by about a factor 105. Because of the available energy range characterized
by the core temperature Tc ∼ O(10) MeV in the SN, however, the SN loses its sensitivity to a
heavier dark matter mass exceeding a few hundred MeV where the ILC bounds can complement
the SN bounds.

Before concluding our discussion, let us point out that the dipole constraints from the SN
cooling in this paper are based on the energy emission rate due to freely streaming DM. For a
sufficiently large dipole moment, however, the DM diffuses instead of free streaming and, to con-

3There is O(1) factor uncertainty in the SN parameters which should be clarified from the detailed numerical
simulations [48, 51]. We checked using µe = 300 MeV instead of 200 MeV for instance increases the upper bound of
the dipole moment by about a factor 2 for mχ < 100 MeV, but our qualitative conclusion does not change due to
those order unity uncertainties.
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Figure 1. Feynman diagrams for radiative WIMP pair-production in e+e� collisions, in the

operator formalism.

2 Setup

While the operator formalism can be used for WIMPs of any spin, we will assume,

for concreteness, that the WIMP is a spin-1/2, Dirac fermion �. The coupling of the

WIMPs to electrons and positrons has the form

L
int

=
1

⇤2

Oi , (2.1)

where ⇤ roughly corresponds to the energy scale of new physics that provides the

coupling, and Oi is one of the following four-fermion operators [6]:
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µ`) , (vector)
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The notation in parenthesis describes the simplest kind of a mediator particle that

would induce each operator. We will always consider the case when the mediator mass

is well above the collision energy
p
s, and our results will not depend on how the opera-

tors (2.2) are induced; the names are only used as a convenient way to label operators.

Since the WIMPs do not interact in the detector, the 2 ! 2 process e+e� ! �̄� is

invisible; an extra “tag” particle needs to be added to the final state to make it observ-

able. A photon can always be emitted from the initial state independently of the nature

of the WIMPs and their couplings, making it a robust choice for the tag particle [1].

We will thus consider the process e+e� ! �̄��, mediated by Feynman diagrams in

Fig. 1, and leading to the observable � +E/ final state. We have computed the double-
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Figure 2: Impact of asymmetric DM on the Sun. Left Panel: Temperature profile of the Sun for different SD scattering
cross-sections at t⊙ = 4.57 Gyrs. Central Panel: Density profile (baryons only) inside the Sun. Right Panel: Energy transport
(meaning of the curves as in Fig.1). The sign of ϵgrav is positive.

In conclusion, the Sun’s global properties are not dra-
matically changed by self-annihilating WIMPs, and no
solar observable can be used as a good diagnostic for
these models. As we explain in the following Sections,
things are quite different for other DM scenarios.

VI. RESULTS FOR ASYMMETRIC DM

If WIMPs are asymmetric, Equation 1 reads:

Ṅχ = C − ENχ, (2)

and particle will continue accumulating in the center of
the star, since their abundance will not be limited by
annihilation.
As before, DM particles rapidly thermalize, therefore

the shape of the WIMPs distribution stays as in the an-
nihilating case whereas the normalization Nχ will result
modified. The number of WIMPs inside the Sun, ne-
glecting evaporation, will simply be Nχ = Ct⊙, with
t⊙ the age of the Sun. In the annihilating case, af-
ter a transient τχ, an equilibrium between annihila-
tions and capture is reached and Nχ stays Nχ = Cτχ.
Comparing t⊙ = 4.57 × 109 yr with the typical equi-
librum timescale in a vanilla WIMPs scenario, τχ ∼
106 yr (⟨σv⟩/10−26 cm3s−1)−1/2 for mχ = 10 GeV, it is
evident that the number of WIMPs trapped in the Sun
is significantly bigger in asymmetric models.
In order to study the effects of asymmetric DM, we

have computed the variations of neutrino fluxes produced
by the heat transport of WIMPs in the Sun. We evolved
the Sun from the ZAMS up to its current age t⊙ with
the GENEVA stellar code. As previously discussed, the
WIMPs effects are accounted for self-consistently at each
time-step; if, for instance, energy is evacuated by the
WIMPs in the very central layers, the structure will react
by allowing the central layers to contract. The present
numerical approach is therefore more accurate and self

consistent than methods in which the effects of WIMPs
are deduced from the structure of standard solar mod-
els computed without WIMPs effects, this, for at least
two reasons: first because in the present approach the
structure of the star can readjust itself to any changes
produced by the WIMPs and second because, these read-
justments are accounted for during the whole previous
nuclear evolution of the Sun.
The first two panels of Figure 2 shows the temperature

and density profiles of the Sun in presence of asymmet-
ric DM. Note the change in temperature with increasing
SD scattering cross section: the temperature decreases
at the center and (although this is difficult to appreci-
ate in the plot) slightly increases close to the external
edge of the stellar core. The reason of the decrease in
temperature can be understood in terms of energy trans-
ported away from the solar core. In general, any amount
of energy removed from the core leads to its contraction.
Naively, one would expect a warming of the internal re-
gions of the Sun since part of the energy extracted from
the gravitational energy reservoir goes into internal en-
ergy. However, the energy carried away by the WIMPs
is well above the energy released by the core contraction,
resulting therefore in a cooling of the central regions.
The right panel in Figure 2 demonstrates in fact that

the energy transported by asymmetric DM can become
extremely high, and it can significantly modify the struc-
ture of the star. We show the results for two WIMP
masses: at fixed σSD the normalization of ϵtrans is higher
for a 5GeV particle than for a 7GeV one, and the sign
inversion point of the energy transport term shifts out-
wards. The shift in the sign inversion point between dif-
ferent curves for the same DMmass is due to the feedback
induced by the modification of the density profile, which
starts becoming sensible at σSD ≈10−36.
In principle one should study how the structural mod-

ifications modify the details of neutrino oscillations in
the Sun and consequently the inferred values of the neu-
trino oscillations parameters, i.e. ∆m2

⊙ and sin(θ⊙). A
sizeable effect is actually expected for density variations
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Fig. 1.— Comparison of the sound speed radial profile between
the SSM (Lopes & Turck-Chieze 2013) and different solar models
evolving within an environment rich in MDDM. The red-dotted-
green curve corresponds to the difference between inverted sound
speed profile (Turck-Chieze et al. 1997; Basu et al. 2009) and our
SSM (Turck-Chieze & Lopes 1993; Lopes & Turck-Chieze 2013).
The continuous curves correspond to DM particles that have a
mass mχ of 1 – 20 GeV (blue curve mχ ≤ 8 GeV, red curve
8 ≤ mχ ≤ 12 GeV and cyan curve mχ ≥ 12 GeV) and a magnetic
dipole that takes values from 10−15 e cm to 10−19 e cm. In the
core of the Sun, the variation caused by the presence of MDDM is
much larger that the current sound speed difference between theory
and observation.

ment µZ,A (of a nucleus of mass A and charge Z) and
the magnetic moment µχ of the DM particle, is described
by (Barger et al. 2011):
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where AE and BM are the electrical and magnetic mo-
ment terms, and GE(ER) and GM (ER) are the nuclear
form factors (normalized to GE(0) = 1, GM (0) = 1) to
take into account the elastic scattering off a heavy nu-
cleus. AE and BM read
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where e and mp are the elementary electric charge and
the mass of the proton (Barger et al. 2012). mA and
mχ are the masses of the baryon nucleus and DM par-
ticle, respectively. ER and vr are defined from the
transfer momentum q and the center-of-mass momen-
tum p, such that q

2 = 2mAER and |p| = mrvr where
mr = mAmχ/(mA +mχ).
At first glance, it is reasonable to expect that the con-

tribution of heavy elements for the interaction inside the
Sun could be quite significant, due to the strong depen-
dence in Z and I (see Equations (1)–(3)). However, be-
cause metals inside the Sun contribute to less than 2%
of the total mass of the Sun, their contribution can be
considered to be negligible. The electromagnetic inter-
action between MDDM and baryons will be important
for hydrogen and helium which correspond to 98% of the
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in the region below 0.3 R⊙ – the percentage of the maximum sound
difference between the SSM and the MDDM solar models. The
MDDM halo is assumed to be an isothermal sphere with local
density ρχ = 0.38 GeVcm−3, and thermal velocity (dispersion)
vth = 270 kms−1.
total mass of the Sun, from which Helium abundance in
the Sun’s core changes during its evolution from an ini-
tial abundance of 27% to 62% for the current age of the
Sun. Nevertheless, this increase of helium occurs only in
the very center of the Sun, the atomic number of helium
(Z = 2) is relatively small (when compared with other
chemical elements), and the helium abundance is always
smaller than that of hydrogen. Furthermore, during the
Sun’s evolution, to a good approximation, it is reasonable
to consider only the interaction of MDDM with hydrogen
to be relevant. The total elastic scattering cross section
of DM with hydrogen σχp, from Equations (1)–(3) with a
uniform form factor, can then be expressed as σSI

χp +σSD
χp

where σSD
χp and σSI

χp are the conventional effective scat-
tering cross sections (Barger et al. 2012):
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with µp being the magnetic moment of the proton. Both
σSD
χp and σSI

χp contribute equally for the total scattering
cross section, σχp. However, in the case that the mass
of the DM particle is much larger than the mass of the
proton,i.e., mχ ≫ mp, it follows that mr ≈ mp and the
σχp becomes independent of the mass of the DM particle,
and σχp is only proportional to the square of the DM
magnetic moment, σχp ≈ 8.3 e2/(2π) µ2

χ.

3. DARK MATTER AND THE STANDARD SOLAR MODEL

Our Galaxy and the Sun are assumed to be immersed
in an isothermal sphere composed of MDDM parti-
cles. The observational determination of the DM density
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Fig. 1.— Comparison of the sound speed radial profile between
the SSM (Lopes & Turck-Chieze 2013) and different solar models
evolving within an environment rich in MDDM. The red-dotted-
green curve corresponds to the difference between inverted sound
speed profile (Turck-Chieze et al. 1997; Basu et al. 2009) and our
SSM (Turck-Chieze & Lopes 1993; Lopes & Turck-Chieze 2013).
The continuous curves correspond to DM particles that have a
mass mχ of 1 – 20 GeV (blue curve mχ ≤ 8 GeV, red curve
8 ≤ mχ ≤ 12 GeV and cyan curve mχ ≥ 12 GeV) and a magnetic
dipole that takes values from 10−15 e cm to 10−19 e cm. In the
core of the Sun, the variation caused by the presence of MDDM is
much larger that the current sound speed difference between theory
and observation.

ment µZ,A (of a nucleus of mass A and charge Z) and
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ment terms, and GE(ER) and GM (ER) are the nuclear
form factors (normalized to GE(0) = 1, GM (0) = 1) to
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where e and mp are the elementary electric charge and
the mass of the proton (Barger et al. 2012). mA and
mχ are the masses of the baryon nucleus and DM par-
ticle, respectively. ER and vr are defined from the
transfer momentum q and the center-of-mass momen-
tum p, such that q

2 = 2mAER and |p| = mrvr where
mr = mAmχ/(mA +mχ).
At first glance, it is reasonable to expect that the con-

tribution of heavy elements for the interaction inside the
Sun could be quite significant, due to the strong depen-
dence in Z and I (see Equations (1)–(3)). However, be-
cause metals inside the Sun contribute to less than 2%
of the total mass of the Sun, their contribution can be
considered to be negligible. The electromagnetic inter-
action between MDDM and baryons will be important
for hydrogen and helium which correspond to 98% of the
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in the region below 0.3 R⊙ – the percentage of the maximum sound
difference between the SSM and the MDDM solar models. The
MDDM halo is assumed to be an isothermal sphere with local
density ρχ = 0.38 GeVcm−3, and thermal velocity (dispersion)
vth = 270 kms−1.
total mass of the Sun, from which Helium abundance in
the Sun’s core changes during its evolution from an ini-
tial abundance of 27% to 62% for the current age of the
Sun. Nevertheless, this increase of helium occurs only in
the very center of the Sun, the atomic number of helium
(Z = 2) is relatively small (when compared with other
chemical elements), and the helium abundance is always
smaller than that of hydrogen. Furthermore, during the
Sun’s evolution, to a good approximation, it is reasonable
to consider only the interaction of MDDM with hydrogen
to be relevant. The total elastic scattering cross section
of DM with hydrogen σχp, from Equations (1)–(3) with a
uniform form factor, can then be expressed as σSI

χp +σSD
χp

where σSD
χp and σSI

χp are the conventional effective scat-
tering cross sections (Barger et al. 2012):
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with µp being the magnetic moment of the proton. Both
σSD
χp and σSI

χp contribute equally for the total scattering
cross section, σχp. However, in the case that the mass
of the DM particle is much larger than the mass of the
proton,i.e., mχ ≫ mp, it follows that mr ≈ mp and the
σχp becomes independent of the mass of the DM particle,
and σχp is only proportional to the square of the DM
magnetic moment, σχp ≈ 8.3 e2/(2π) µ2

χ.

3. DARK MATTER AND THE STANDARD SOLAR MODEL

Our Galaxy and the Sun are assumed to be immersed
in an isothermal sphere composed of MDDM parti-
cles. The observational determination of the DM density
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n0
~ exp(−T* /TS )

(T* = 0.0681K  for 21cm line)

Spin	  temperature	TS
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FIG. 1: The scales probed by cosmic microwave background anisotropies (solid line) and cosmic 21-cm fluctuations (dashed
line). The two power spectra have been aligned using the small-scale relation k ≃ l/dA(zCMB), where dA(zCMB) ≃ 13.6 Gpc is
the comoving angular diameter distance at the surface of recombination in the standard cosmological model.

measured in a radial direction r̂ at redshift z (corre-
sponding to 21-cm radiation observed at frequency ν =
c/[λ21(1+z)]). Here, A is the Einstein spontaneous emis-
sion coefficient for the 21-cm transition, Vr is the phys-
ical velocity in the radial direction (including both the
Hubble flow and the peculiar velocity of the gas v), and
∂Vr/∂r is the velocity gradient in the radial direction.
Explicitly, we have

∂Vr

∂r
=

H(z)

1 + z
+

∂(v · r̂)
∂r

. (8)

Combining Eqs. (7) and (8) and expanding to linear or-
der, we find

δTb = −T b
1 + z

H(z)

∂vr

∂r
+

∂Tb

∂δ
δ, (9)

where T b is the mean brightness temperature, vr = v · r̂

is the peculiar velocity in the radial direction, and δ =
(nH − nH)/nH is the overdensity of the gas.

Moving to Fourier space, we find

δ !Tb = −T b
1 + z

H(z)
µ2 (ikṽ) +

∂Tb

∂δ
δ̃, (10)

δ !Tb = T b

"
µ2 + ξ

#
δ̃, (11)

where µ = k̂ · r̂ = cos θk is the cosine of the angle
between the radial direction and the direction of the
wavevector k, and ξ is defined by ξ ≡ (1/T b)(∂Tb/∂δ).
The second line, Eq. (11), uses the additional relation
δ̃ = −(ikṽ)(1 + z)/H , which is, strictly speaking, valid
on scales larger than the Jean’s length during the mat-
ter dominated epoch. The total brightness-temperature
power spectrum is thus [32, 51]

⟨δ !Tb(k)δ !Tb(k
′)⟩ = (2π)3δ(3)(k + k′)PTb

(k), (12)

Kleban+(2007)	

What	  can	  we	  do	  with	  21cm?	  
	  
High	  precision	  on	  small-‐scale	  power	  spectrum	   ΔP / P ~1/ N
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FIG. 1: Contours of 90% C.L. forecasts in Σmν -Nν plane, by adopting Planck + Polarbear + each 21 cm experiment (left
two panels), or CMBPol + each 21 cm experiment (right two panels). Fiducial values of neutrino parameters, Nν and Σmν , are
taken to be Nν = 3.04 and Σmν = 0.1 eV (for upper two panels) or Σmν = 0.05 eV (for lower two panels). The dashed line
means the constraint obtained by only a CMB observation such as Planck + Polarbear alone (left two panels), or CMBPol
alone (right two panels). The severer constrains are obtained by combining the CMB with a 21 cm observation such as MWA
(outer solid, only for left panels), SKA (middle solid), and Omniscope (inner solid), respectively.

model. Adding the 21 cm experiments to the CMB ex-
periment, we see that there is a substantial improvement
for the sensitivities to Σmν and Nν . That is because
several parameter degeneracies are broken by those com-
binations, e.g., in particular Tb and As were completely
degenerate only in 21 cm line measurements. Therefore
it is essential to add the CMB to the 21 cm experiment
to be vital for breaking those parameter degeneracies.

If each CMB experiment is combined with SKA or
Omniscope, the corresponding constraint can be signifi-
cantly improved. We showed numerical values of those
errors in Table III in case that the fiducial values are
taken to be Nν = 3.04 and Σmν = 0.05 eV. On the
other hand, comparing those values with the current best
bounds for Σmν + Nν model, which give Σmν < 0.89
eV and Nν = 4.47+1.82

−1.74 obtained by CMB (WMAP) +
HST(Hubble Space Telescope) + BAO [28], we find that
the ongoing and future 21 cm line + the CMB obser-
vation will be able to constrain those parameters much

more severely.
The case of Σmν = 0.1 eV to be fiducial (upper two

panels) corresponds to the lowest value for the inverted
hierarchy when we use oscillation data. Then it is notable
that CMBPol + SKA can detect the nonzero neutrino
mass. Of course, Planck + Polarbear + Omniscope
and CMBPol + Omniscope can obviously do the same
job.
On the other hand, the case of Σmν = 0.05 eV to

be fiducial (lower two panels), which corresponds to the
lowest value for the normal hierarchy, only Planck + Po-

larbear + Omniscope or CMBPol + Omniscope can
detect the nonzero neutrino mass.

B. Constraints on neutrino mass hierarchy

Next we discuss if we will be able to determine the
neutrino mass hierarchies by using those ongoing and fu-

Oyama+(2013)	
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Figure 3: 1σ error contour for the ULP and neutrino fractions with respect to the total matter
fu, fν . The solid curves are the contours from both 21 cm and CMB observables while the dashed
curves are for the CMB alone. The fiducial values (fu, fν) = (0.05, 0.0044) for the normal neutrino
mass hierarchy is indicated by +.

the ULP parameter estimations due to the parameter degeneracies. We choose the conventional
normal mass hierarchy scenario for our fiducial neutrino mass pattern consisting of three neutrinos
(mν1 , mν2, mν3) = (0, 0.009, 0.05)[eV] based on the global analysis of neutrino oscillation data giving
∆m2

31 = 2.47 × 10−3eV2,∆m2
21 = 7.54 × 10−5 eV2 where ∆mij ≡ m2

i − m2
j [57, 58] (accordingly

we choose Neff = 1.046, fν = 0.0044). Because of the analogous effects to suppress the matter
power, we can expect the negative correlation between fu and fν . This is confirmed in Fig. 3
which shows the 1σ error contours with all the other parameters marginalized over, even though
there do exist the distinctive features between the ULPs and neutrinos such as the ULPs’ scale
dependent effective sound speed and transition from the dark energy to dark matter like behavior
which the neutrinos do not possess. Consequently, the precise measurements of the power spectrum
around the suppression starting scale for each species should be able to distinguish these species
from one another. Fig. 3 indeed shows the tendency of the CMB losing the sensitivity to the ULPs
for mu ≫ 105H0 because the ULP oscillation starts well before the last scattering surface epoch
for such a large mu. The CMB observables however are still essential to improve the constraints
on ULPs from the 21 cm observables because of lifting the degeneracies among the cosmological
parameters. For instance, the 21 cm alone without adding the CMB observables cannot constrain
the ULP parameters so well because of too strong degeneracies between As and xHI

both of which
affect the 21 cm power spectrum amplitude as given in Eq. 4.

The main goal of this paper is to clarify the power of the 21 cm observables to constrain the
ULP parameters, and our results are summarized in Fig. 4 which shows the 1σ uncertainties in the
ULP parameters for several representative ULP masses for fu = 0.05. The 1σ errors on the ULP
parameters fu, mu can be of order a few percent for the mass range to which the 21 cm signals are
most sensitive. The sensitivity of the cosmological observables to the ULP parameters, however,
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FIG. 4: As Fig. 1, except for energy injection in the trans-
parency window. The bottom solid curve in each panel
assumes no extra energy injection. The other curves take
ξ−24 = 1. The dotted, dot-dashed, short-dashed, and long-
dashed curves take τ100 = 1, 10−1, 10−2 and 10−3, respec-
tively.

to (but slightly before) the crossover point (at which
T̄K = Tγ), P21 also goes to zero. (When δ̄T b = 0, over-
dense regions have T̄K > Tγ and hence are visible.) This
transition point would be a clear signature of strong heat-
ing from some exotic process. Unfortunately, in many
models the clearest differences occur at z ! 40, when
confusion with (rare) luminous sources may make it dif-
ficult to separate the signal.

Figure 3 illustrates how the different processes shape
the curves in Figure 2 for a fiducial model with ξ−24 = 0.1
(solid curve). Here the dotted curve assumes the stan-
dard recombination history (ξ−24 = 0). The short-
dashed curve ignores the Lyα photons created through
collisional excitation. This makes no difference at high
redshifts, where collisional coupling is already efficient,
but decreases the mean signal by ∼ 25% and the rms
fluctuations by ∼ 20% at low redshifts. In this regime
the Lyα background helps to maintain contact between
TS and TK (even though xα ∝ [1 + z]1/2). The long-
dashed curve assumes θu = 0, so that the energy is de-
posited uniformly. (Spatial fluctuations in the dark mat-
ter decay rate obviously have no effect on δ̄T b, so we
do not show this curve in the bottom panel.) This in-
creases the fluctuation amplitude at higher redshifts by
decreasing the heating rate in dense gas so that it absorbs
more strongly. For the same reason, the “zero-point” for
the fluctuations actually follows that of δ̄T b. Of course,
once the gas appears in emission, uniform energy injec-
tion tends to damp out the fluctuations (because dense
regions remain colder and hence less luminous).

FIG. 5: 21 cm signals for long-lived dark matter with energy
injection in the transparency window. Curves take the same
parameters as in Fig. 4. (a): Fluctuation amplitude at k =
0.04 Mpc−1 (note that this scale is arbitrary). (b): Mean
(sky-averaged) signal.

B. Dark Matter Decay: The Optically Thin
Regime

Figure 4 shows the thermal and ionization histories
for several scenarios where energy is deposited in the
transparency window. We take ξ−24 = 1 and as-
sume a roughly constant cross section. The dotted,
dot-dashed, short-dashed, and long-dashed curves take
τ100 = 1, 10−1, 10−2 and 10−3, respectively; note that
at any given redshift τ and ξX are essentially degenerate
in our simple model: the net energy deposition rates at
z = 100 in these models precisely equal the corresponding
curves in Figure 1. It is only the redshift evolution that
changes. We note that τes = 0.047, 0.018, 0.0062, and
0.0046 for these models (including only gas at z > 10).
Thus the dotted curve substantially affects the CMB (and
can already be ruled out), but the others have quite weak
effects on it.

For a fixed effective energy deposition rate, the ma-
jor difference within the transparency window is that a
larger fraction of the heating and ionization occurs at
relatively high redshifts, with x̄i and T̄K increasing more
slowly at lower redshifts. As a result the crossover point
T̄K > Tγ occurs earlier (if it occurs at all, of course), so
the features in the 21 cm signal (shown in Figure 5) oc-
cur at significantly lower frequencies. Nevertheless, they
have the same general structure compared to the stan-
dard calculation, with a reduced fluctuation amplitude
at higher redshifts but stronger fluctuations at lower red-
shift. The overall magnitude of the effect is comparable
to the optically thick models in Figure 2, although here
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