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Early Evidence : Coma Cluster 
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Evidence from CMB 
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Bulletproof Evidence 
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Dark Matter 
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But what is Dark Matter? 
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Not a Standard Particle 
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Mirror, mirror on the wall … 
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Ideas and Searches 
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Idea : WIMP DM 
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WIMP “Miracle” 
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FIG. 1. Evolution of the cosmological WIMP abundance as a
function of x = m/T . Note that the y-axis spans 25 orders of
magnitude. The thick curves show the WIMP mass density,
normalized to the initial equilibrium number density, for
di�erent choices of annihilation cross section ⇥�v⇤ and mass
m. Results form = 100GeV, are shown for weak interactions,
⇥�v⇤ = 2 � 10�26 cm3s�1, (dashed red), electromagnetic
interactions, ⇥�v⇤ = 2�10�21 cm3s�1 (dot-dashed green), and
strong interactions, ⇥�v⇤ = 2 � 10�15 cm3s�1 (dotted blue).
For the weak cross section the thin dashed curves show the
WIMP mass dependence for m = 103 GeV (upper dashed
curve) and m = 1GeV (lower dashed curve). The solid black
curve shows the evolution of the equilibrium abundance for
m = 100GeV. This figure is an updated version of the figure
which first appeared in Steigman (1979) [11].

where n is the number density of ⇧’s, a is the cosmological
scale factor, the Hubble parameter H = a�1da/dt
provides a measure of the universal expansion rate, and
⌥⌅v� is the thermally averaged annihilation rate factor
(“cross section”). For the most part we use natural
units with h̄ ⇥ c ⇥ k ⇥ 1. When ⇧ is extremely
relativistic (T ⌃ m), the equilibrium density neq =
3�(3)g⇤T 3/(4⇥2), where �(3) ⌅ 1.202. In contrast, when
⇧ is non-relativistic (T <⇤ m), its equilibrium abundance

is neq = g⇤ (mT/(2⇥))3/2 exp(�m/T ). If ⇧ could be
maintained in equilibrium, n = neq and its abundance
would decrease exponentially. However, when the ⇧
abundance becomes very small, equilibrium can no longer
be maintained (the ⇧’s are so rare they can’t find each
other to annihilate) and their abundance freezes out.
This process is described next.

We begin by referring to Fig. 1, where the evolution
of the mass density of WIMPs of mass m, normalized
to the initial equilibrium WIMP number density, is
shown as a function of x = m/T , which is a proxy for
“time”, for di�erent values of ⌥⌅v�. With this definition,
the final asymptotic value is proportional to the relic
abundance, as will be seen later. Later in this section

it is explained how this evolution is calculated, but first
we call attention to some important features. During
the early evolution when the WIMP is relativistic (T >⇤
m), the production and annihilation rates far exceed
the expansion rate and n = neq is a very accurate,
approximate solution to Eq. (1). It can be seen in Fig. 1
that, even for T <⇤ m, the actual WIMP number density
closely tracks the equilibrium number density (solid black
curve). As the Universe expands and cools and T drops
further below m, WIMP production is exponentially
suppressed, as is apparent from the rapid drop in neq.
Annihilations continue to take place at a lowered rate
because of the exponentially falling production rate. At
this point, equilibrium can no longer be maintained and,
n deviates from (exceeds) neq. However, even for T <⇤ m,
the annihilation rate is still very fast compared to the
expansion rate and n continues to decrease, but more
slowly than neq. For some value of T ⇧ m, WIMPs
become so rare that residual annihilations also cease and
their number in a comoving volume stops evolving (they
“freeze out”), leaving behind a thermal relic.

It is well known that weak-scale cross sections
naturally reproduce the correct relic abundance in the
Universe, whereas other stronger (or weaker) interactions
do not. This is a major motivation for WIMP dark
matter. Note that while for “high” masses (m >⇤ 10 GeV)
the relic abundance is insensitive to m, for lower
masses the relic abundance depends sensitively on mass,
increasing (for the same value of ⌥⌅v�) by a factor of two.

There are two clearly separated regimes in this
evolution – “early” and “late”. The evolution
equation (Eq. (1)) can be solved analytically by di�erent
approximations in these two regimes. During the
early evolution, when the actual abundance tracks the
equilibrium abundance very closely (n ⌅ neq), the rate
of departure from equilibrium, d(n � neq)/dt, is much
smaller than the rate of change of dneq/dt. In the late
phase, where n ⌃ neq, the equilibrium density neq may
be ignored compared to n and Eq. (1) may be integrated
directly. This strategy allows the evolution to be solved
analytically in each of the two regimes and then joined
at an intermediate matching point which we call x⇥.
Because the deviation from equilibrium, (n � neq), is
growing exponentially for x ⌅ x⇥, the value of x⇥ is
relatively insensitive (logarithmically sensitive) to the
choice of (n� neq)⇥.

Since the dynamics leading to freeze out occurs during
the early, radiation dominated (⇤ = ⇤R) evolution of the
Universe, it is useful to recast physical quantities in terms
of the cosmic background radiation photons. The total
radiation density may be written in terms of the photon
energy density (⇤�) as ⇤ = (g⇥/g�)⇤� where, g⇥ counts
the relativistic (m < T ) degrees of freedom contributing
to the energy density,
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Zeldovich (1965); Chiu (1966); Lee and Weinberg (1977); Hut (1977); Wolfram (1979); Steigman (1979).  
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Thermal Relics Reloaded 
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Hochberg, Kuflik, Volansky, Wacker (2014) 
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Idea : Axion DM 
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Is Axion DM a BEC? 
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Axions + WIMPs 
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LKSVZ. = {fQ� Q̄LQR + h.c.}
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A U(1) global symmetry for a complex scalar with charge = 2  

Coupled to “quarks” in order to solve the strong-CP problem 

This is the KSVZ axion model. Note that after symmetry 
breaking the Q is odd under a Z2 symmetry.  
 
Adding a new scalar with charge = 1 makes it automatically 
stable, if lighter than Q 

Dasgupta, Ma, and Tsumura (2014) 



Axion + WIMPs 
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heavy quarks and then through color interactions with the
SM quarks. This allows us to consider the simplified DM
production discussed above. However, more careful treat-
ment may be needed in some cases, e.g., if the σ decays to
axions become important [30]. Then one has to solve
several coupled Boltzmann equations to study the model in
detail. It should be noted, however, that our insight into the
hidden Z2 symmetry of axion models provides a general
mechanism for mixed axion-WIMP DM, independent of
supersymmetry and without introducing an ad hoc stabi-
lization of DM.
In Fig. 1, we see that over a wide range of Fa and λχh,

one can produce the observed DM abundance easily. All of
cosmological DM can be axions, if Fa ≈ 1012 GeV, so that
Ωa ≈ΩDM. A large scalar coupling λχh suppresses the
WIMP density Ωχ1 ≲ 10−2ΩDM. In this limit, there is
effectively no WIMP DM component, and only axion
searches are expected to be successful. The other extreme
limit is if almost all of DM is comprised of χ1. If
Fa ∼ 109 GeV, it suppresses the axion abundance to
Ωa ≲ 10−2ΩDM, and one can expect Ωχ ≈ΩDM. This
regime is promising for traditional WIMP searches, but
axion searches would not find a signal. An intermediate
possibility is to have mixed DM with two components—
axions and χ1. For example, if Fa ∼ few × 1011 GeV and
m1=λχh ≈ 103 GeV, then Ωa ≈Ωχ1 ≈ΩDM=2. The phe-
nomenology of this mixed DM can be quite rich. We
now discuss constraints on and the detectability of DM in
our scenario.
A strong constraint comes from the invisible width of the

observed 126 GeV Higgs boson, which rules out χ1 lighter
than mh=2 ¼ 62.5 GeV if λχh > 10−2. Bounds from
XENON100 also rule out m1 ≲ 101.9 GeV [27]. WIMP
masses greater than 10 TeV require too large values

of λχh. We have therefore considered χ1 in the range
100 GeV < m1 < few TeV, which restricts the range of
λχh to ∼ð0.1–10Þ. Fa is constrained to be in the range
ð109–1012Þ GeV [31].
Prospects for detection of DM are very promising. This

may be counterintuitive because now DM densities of each
species are lower, and makes it hard to detect them.
However, χ interacts via the Higgs portal at direct detection
experiments where there is very high sensitivity. Existing
underground experiments, e.g., XENON100 (in 20yrs) or
XENON1T, can probe the entire viable range of λχh, as long
as WIMPs comprise even a few percent of the total DM
[27], i.e., for Fa < few × 1011 GeV. However, indirect
detection in Fermi, CTA, and Planck is possible only if
χ1 forms almost all of DM [27]—the annihilation signal
degrades quadratically for smaller density and evades
upcoming searches. ADMX is expected to probe the axion
decay constant Fa in the range ð1011–1012Þ GeV [32]. So
existing direct detection and axion searches will comple-
mentarily probe all of the viable parameter space in Fig. 1.
In other words, a signal in at least one existing experiment
is guaranteed. A smoking-gun signature of mixed DM
would be signals for both direct detection searches and
axion searches.

III. NEUTRINO MASS IN AXION MODELS

The KSVZ model has heavy quarks QL;R and a complex
scalar ζ. We added the scalar χ as the dark matter candidate.
Neutrino mass may be generated radiatively in these
models, if the new particles charged under Uð1ÞPQ are
added. We provide two concrete realizations of this idea.

A. Model I

To get neutrino masses, we only add a neutral singlet
fermion NR (per generation) and a new scalar doublet η ¼
ðηþ; η0ÞT with η0 ¼ ðη1 þ iη2Þ=

ffiffiffi
2

p
, all of which transform

under Uð1ÞPQ. Quantum numbers of the new particles are
listed in Table I.
Radiative neutrino mass is then generated in one loop as

shown in Fig. 2 (left), in analogy to the original Z2

scotogenic model [16] as ζ acquires a VEV, thus breaking
Uð1ÞPQ to Z2.
The particles Q, χ1;2, η1;2, η%, and Ni are odd under Z2,

whereas all others (including σ and a) are even. Although σ
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FIG. 1 (color online). Correlated values of WIMP-Higgs
coupling λχh and axion decay constant Fa for various DM
masses m1, so that the total DM density in axions and χ1 are
the observed value ΩDMh2 ¼ 0.12. For concreteness, θa ¼ 1 is
assumed.

TABLE I. New particles in the one-loop radiative seesaw model
with Peccei-Quinn symmetry.

QL QR ζ χ NR η

Spin 1=2 1=2 0 0 1=2 0
SUð3Þc 3 3 1 1 1 1
SUð2ÞL 1 1 1 1 1 2
Uð1ÞY −1=3 −1=3 0 0 0 1=2
Uð1ÞPQ 1 −1 2 1 1 1

3
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Idea : Asymmetric DM 
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Usual Matter-genesis 
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Sphalerons 
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Nonperturbative process at high-T 
Changes B+L by 1 unit per generation 
By a “rearrangement of gauge fields” 



Aidnogenesis 
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Idea : Self-Interacting DM 
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Dark matter self-interacts a bit? 

Abel 502 Cluster 
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Core-vs.-Cusp Problem 
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10 Oh et al.

Fig. 6.— Left: The rotation curve shape of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The dark matter rotation curves (corrected for
baryons as shown in Fig. 4) are scaled with respect to the rotation velocity V0.3 at R0.3 where the logarithmic slope of the curve is dlogV/dlogR = 0.3
(Hayashi & Navarro 2006). The small dots indicate the NFW model rotation curves with V200 ranging from 10 to 90 km s−1. See text for further
details. The best fitted pseudo-isothermal halo models (denoted as ISO) are also overplotted. See Section 4.2 for more details. Right: The scaled
dark matter density profiles of DG1 and DG2 as well as the 7 THINGS dwarf galaxies. The profiles are derived using the scaled dark matter rotation
curves in the left panel. The small dots represent the NFW models (α∼−1.0) with V200 ranging from 10 to 90 kms−1. The dashed lines indicate
the best fitted pseudo-isothermal halo models (α∼0.0). See Section 4.3 for more details.

estimate M200 as follows,

M200 [M⊙]=200×
3H2

0

8πG
×

4πR3
200

3

≃ 100×
H2

0

G
× (

V200

10H0
)3

≃ 3.29× 105 × V 3
200, (3)

where H0 is the Hubble constant (70.6 kms−1Mpc−1;
Suyu et al. 2010), G is the gravitational constant (4.3×
10−3 pcM−1

⊙ km2 s−2) and V200 in km s−1 is the rotation
velocity at radius R200 as given in Eq. 1. However, the
NFW halo model fails to fit the dark matter rotation
curves of the THINGS dwarf galaxies, giving negative
(or close to zero) c values (Oh et al. 2011). To circum-
vent the unphysical fits, we instead fit the NFW model to
the rotation curves with only V200 as a free parameter af-
ter fixing c to 5 which is lower than typical values (e.g.,
8–9; McGaugh et al. 2003) predicted from ΛCDM cos-
mology. The fitted V200 values of some galaxies are larger
than their measured maximum rotation velocities. This
is because the rotation curves are still rising at the last
measured points. Moreover, as a larger c value induces
a smaller V200 and hence lower halo mass, our choice
of a low c will provide a robust upper limit for our de-
rived halo mass, as indicated by the arrows in Fig. 5. As
shown in Fig. 5, despite the uncertainties remaining in
these estimates, the stellar masses of DG1 and DG2 at
their given halo masses are consistent with those of real
galaxies. Both the real galaxies and the simulations de-
viate from the extrapolated line from the Mstar−Mhalo
relation in Guo et al. (2010) at low halo masses. How-
ever, as discussed in Trujillo-Gomez et al. (2010), there
still remain uncertainties for dwarfs in the sense that the
observational data suffer from small number statistics

and the results of abundance matching are incomplete in
the low-luminosity tail of the luminosity function.

4.2. The rotation curve shape

The rotation curve reflects the total potential (dark
matter + baryons) of the galaxy and thus it is directly
related to the radial matter distribution in the galaxy
(and vice versa). Consequently, the cusp–like dark mat-
ter distributions in the CDM halos impose a unique shape
on the rotation curves, which steeply rise at the inner
regions. Therefore, a relative comparison of galaxy ro-
tation curves between the simulations and observations
can serve as a useful constraint for testing the ΛCDM
simulations.
In this context, we compare the rotation curves of DG1

and DG2 with those of the THINGS dwarf galaxies. In
order to accentuate their inner shapes, we scale the ro-
tation curves of both the simulations and the THINGS
dwarf galaxies with respect to the velocity V0.3 at the
radius R0.3 where the logarithmic slope of the curve is
dlogV/dlogR = 0.3 (Hayashi & Navarro 2006). At the
scaling radius R0.3, the rotation curves of both simula-
tions and the observations are well resolved, which allows
any differences between them to show up.
The scaled rotation curves, with the kinematic contri-

bution of baryons subtracted, are shown in the left panel
of Fig. 6. We overplot the scaled rotation curves of NFW
CDM halos (dark-matter-only) with different maximum
rotation velocities ranging from 10 to 350 km s−1. We
choose c values of ∼9 and ∼8 for dwarf and disk galaxies
respectively, which in turn provide V200 values ranging
from ∼10 to ∼90 km s−1, and ∼100 to ∼350 km s−1,
respectively. Considering that the rotation velocities of
DG1, DG2 and the THINGS dwarf galaxies at the out-

Oh et al. (2010) 

Cold collisionless 
DM predicts too 
cuspy inner 
structure of 
dwarf galaxies  

Moore (1994); Flores and Primack (1994)  
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Missing Satellites Problem 
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“WIMP” Simulations PAndAS Survey 

Via Lactea Project Image: G.Lewis 

Klypin, Kravstov, Valenzuela, and Prada (1999)   

Where are all the satellites of Milky Way? 



Too-Big-to-Fail Problem 
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Boylan-Kolchin, Kaplinghat, and Bullock (2010) 

The Milky Way’s bright satellites in �CDM 9

Figure 6. Left : Observed luminosity functions for the Milky Way and M31 (thick solid lines) compared to abundance matching predictions
based on the Aquarius simulations (thin lines, with Aq-E plotted in magenta; M⇤/LV = 2 is assumed). Right : Values of Vmax computed
in Sec. 4.1 for the nine luminous Milky Way dwarf spheroidals (square symbols with errors), along with Vmax(z = 0) values of the
subhalos with MV < �8 (magnitudes are assigned by abundance matching) from the halo that best reproduces the luminosity function
in the left panel (Aq-E). While numerical simulations combined with abundance matching reproduces the luminosity function of MW
satellites, the structure of the dwarf spheroidals hosts’ in this model does not match observations: the simulated subhalos are much more
massive (have larger values of Vmax) than the dSphs.

are systematically higher than those of the MW dSphs. It
is therefore not possible to simultaneously match the abun-
dance and structure of the MW dSphs in standard galaxy
formation models based on dissipationless �CDM simula-
tions. While there are many subhalos that match the struc-
ture of the bright MW dSphs, these are not the subhalos
that are predicted to host such galaxies in �CDM.

The observed densities of MW satellites are very di⌃-
cult to reconcile with �CDM-based galaxy formation mod-
els, where the stellar content of a galaxy is strongly cou-
pled to Vinfall. To highlight the problem, we plot the in-
ferred star formation e⌃ciency – �⇤ ⌅ M⇤/(fb Minfall), where
fb = ⇥b/⇥m is the universal baryon fraction – as a function
of Minfall in Fig. 7. The ellipses show 1⇥ uncertainties (note
that the direction of the ellipses is due to the inverse cor-
relation between �⇤ and Minfall at fixed M⇤). This relation
is well-constrained at z = 0 in the context of abundance
matching for M⇤ > 108.3 M� (approximately the complete-
ness limit of the Li & White (2009) stellar mass function,
corresponding to Mhalo = 6 ⇥ 1010 M�). The relation for
M⇤ lower than the SDSS completeness limit is extrapolated
using a power law (dashed portion of abundance matching
lines).

The M⇤ �Mhalo relation cannot be tested statistically
on mass scales relevant for the dSphs at present, but it is
immediately apparent that galaxy formation must proceed
di⇤erently at Mhalo � 1010 M� than for larger systems if
simulated subhalos accurately reflect the densities of the
halos of dSphs as they exist the Universe. For example, the
most luminous dSph of the MW, Fornax, has an inferred star

formation e⌃ciency of �⇤ ⌃ 0.2, a value that is approached
only at the scale of MW-mass halos. Ursa Minor and Draco,
which are ⇧ 40 � 80 times less luminous than Fornax, sit
in halos that are comparable or slightly more massive, and
therefore have inferred e⌃ciencies of closer to �⇤ = 0.002.

5 DISCUSSION

Sections 3 and 4 have demonstrated that the structure and
abundance of bright Milky Way satellites are not consis-
tent with populating the most massive subhalos in hosts of
Mvir ⌃ (1� 2)⇥ 1012 M�. In this Section, we discuss some
possible remedies for this problem, ranging from downward
revisions of the MW’s dark matter halo mass (Sec. 5.1) to
changes to �CDM (Sec. 5.4).

5.1 Mass of the Milky Way

The simulated halos used in this paper range from Mvir =
9.5 ⇥ 1011 to Mvir = 2.2 ⇥ 1012 M�. The true mass of the
Milky Way is still a matter of significant uncertainty, how-
ever. The apparent lack of massive subhalos might be under-
standable if the Milky Way is significantly less massive than
this simulated range. Here we summarize recent estimates
of the Milky Way halo mass.

• halo tracers
Xue et al. (2008) used blue horizontal-branch stars from
the Sloan Digital Sky Survey, combined with mock obser-
vations of hydrodynamical simulations of Milky Way-like
galaxies, to find Mvir,MW = 1.0+0.3

�0.2 ⇥ 1012 M�, and M(<

c⇥ 2012 RAS, MNRAS 000, 1–17
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Flattening due to  
self-interactions 

DM – DM scattering before they fall into the cusp redistributes 
DM in phase space so that in they are very isotropic in velocity. 
 
This leads to shallower density profiles. 
 
The size of the core is where optical depth becomes order 1. 
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Figure 1: Interaction processes that set the DM relic density
and may lead to observable neutrino annihilation products
today (left), change the inner velocity and density profile of
dwarf halos (middle) and induce a comparatively large cuto⇥
in the spectrum of primordial density perturbations (right).

‘too big too fail problem’ [44], without being in conflict
with the strong constraints for models with constant ⇤T .
We also note that ⇤T drops with larger v such that for
galaxy clusters only the very central density profile at
r . O(1 � 10) kpc will be smoothed out, matching ob-
servational evidence (from improved lensing and stellar
kinematic data [51]) for a density cusp in A383 that is
slightly shallower than expected for standard CDM.

For our discussion, the astrophysically important
quantities are the velocity v2max = g2⇤mV /(2�2m⇤) at
which ⇤T v becomes maximal and ⇤max

T ⇤ ⇤T (vmax) =
22.7m�2

V . In particular, vmax should not be too di�er-
ent from the typical velocity dispersion ⇤v ⌅ O(10) km/s
encountered in dwarf galaxies if one wants to make any
contact to potential problems with standard structure
formation at these scales. On the other hand, the value
of ⇤max

T is constrained by various astrophysical measure-
ments, see Ref. [44] for a compilation of current bounds.

Fixing g⇤ by the relic density requirement, there is a
one-to-one correspondence between the particle physics
input (m⇤,mV ) and the astrophysically relevant param-
eters (vmax,⇤max

T ). As demonstrated in Fig. 2, a so-
lution to the aforementioned small-scale problems (2)
and (3) may then indeed be possible for DM masses
of m⇤ & 600GeV and a mediator mass in the (sub-)
MeV range. We also display the strongest astrophysi-
cal bounds on large DM self-interaction rates [43]. For
m⇤ . 4TeV, they arise from collisions with particles from
the dwarf parent halo, while at larger m⇤ an imminent
gravothermal catastrophe is more constraining.

The small-scale cuto�.— For small kinetic decou-
pling temperatures Tkd, acoustic oscillations [52] are
more e⌅cient than free streaming e�ects to suppress the
power spectrum [4, 53]. The resulting exponential cuto�
can be translated into a smallest protohalo mass of

Mcut ⇧
4�

3

⇥⇤
H3

���
T=Tkd

= 1.7⇥ 108
⌅
Tkd

keV

⇧�3

M⇥ , (4)

where H is the Hubble rate and we assumed late kinetic
decoupling such that the e�ective number of relativistic
degrees of freedom ge� = 3.37. For scattering with rela-
tivistic neutrinos, c.f. Eq. (3), the analytic treatment of
kinetic decoupling given in Ref. [54] is valid. Extending
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Figure 2: The white area corresponds to DM and mediator
masses that may solve the ‘cusp vs. core’ problem. The crosses
indicate two benchmark models for which detailed simulations
[44] have found a solution to the ‘too big to fail’ problem.
Dashed and solid lines show contours of the astrophysical rel-
evant quantities ⇥T

max and vmax. See text for further details.
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Figure 3: This plane shows the mediator mass mV vs. the
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mV lead to late kinetic decoupling and thus a large mass Mcut

of the smallest protohalos. Mcut & 5 ⇥ 1010M� is excluded
by Ly-� data while Mcut & 109M� may solve the small-scale
abundance problems of �CDM cosmology.

those expressions to allow for T⇥ ⌃= T , we find

Tkd =
0.062 keV

N
1
4
⇥ (g⇤g⇥)

1
2

⌅
T

T⇥

⇧ 1
2

kd

⇥ m⇤

TeV

⇤ 1
4
⇥ mV

MeV

⇤
, (5)

where N⇥ is the number of neutrino species coupling to
V . Combining this with Eq. (2) we therefore expect that
Tkd, and thus Mcut, is essentially independent of g⇤ and
m⇤.

Using for definiteness N⇥ = 3 and T⇥ = (4/11)
1
3T� , we

show in Fig. 3 contours of constant Mcut in the (g⇥ ,mV )
plane. We find that the result of the full numerical
calculation [4, 5] is indeed extremely well described by
Eqs. (4,5) for g⇥ & 10�7 (assuming m⇤ ⌅ 1TeV and
mV ⌅ 1MeV; this value is even lower for larger m⇤ and
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We show that a scalar and a fermion charged under a global U(1) symmetry can not only explain
the existence and abundance of dark matter (DM) and dark radiation (DR), but also imbue DM
with improved scattering properties at galactic scales, while remaining consistent with all other
observations. Delayed DM-DR kinetic decoupling eases the missing satellites problem, while scalar-
mediated self-interactions of DM ease the cusp vs. core and too big to fail problems. In this scenario,
DM is expected to be pseudo-Dirac and have a mass 100 keV � m� � 10GeV. The predicted DR
may be measurable using the primordial elemental abundances from big bang nucleosynthesis (BBN),
and using the cosmic microwave background (CMB).

PACS numbers: 95.35.+d

Introduction.– Cosmological and astrophysical data
now firmly point towards the existence of new nonrela-
tivistic particles, dubbed dark matter (DM), and there is
a vigorous experimental program underway to discover
these particles and measure their properties. Dark radi-
ation (DR), on the other hand, refers to new relativis-
tic particles that contribute to the cosmological energy
density but are otherwise decoupled from ordinary mat-
ter and radiation. There is neither clear evidence nor
a definitive exclusion, but several independent analyses
of cosmological data show tantalizing hints for DR [1–5],
most recently to reconcile the results from Planck [6] with
those from BICEP2 [7].

Candidate particles for DR have been motivated by ex-
perimental results, e.g., additional neutrinos that explain
oscillation anomalies, or to address conceptual problems
in the visible sector, e.g., thermal axions that solve the
strong CP problem. On the other hand, DR may have
little to do with the observed particles in the Universe
and instead may simply be light particles in the dark sec-
tor, e.g., as in refs. [8–12]. Weinberg recently presented a
set-up [13], where the Goldstone bosons of a global sym-
metry in the dark sector lead to dark radiation, while
the residual symmetry provides stability to a fermionic
DM candidate. Its phenomenology has been explored in
subsequent works [14–19]. In this Letter, we show that if
DM and DR share this common origin, it may naturally
solve long-standing problems in DM structure-formation.

A weakly interacting massive particle explains the cos-
mological abundance of DM, but there are hints from
observations of dwarf galaxies and the Milky-Way that
something may be lacking in this description. N-body
simulations of collisionless cold DM [20] predict numer-
ous dwarf satellite galaxies of the Milky-Way, that are
not seen, viz., the missing satellites problem [21]. They
also predict cuspy halos in dwarf galaxies where cores
are observed [22, 23], viz. the cusp vs. core problem, and

highly massive subhalos of Milky-Way-type galaxies that
would be expected to host stars, but which aren’t ob-
served, viz., the too big to fail problem [24]. It has been
considered that inclusion of more detailed astrophysi-
cal processes [25–29], e.g., supernova feedback, low star-
formation, tidal e�ects, etc., or new DM physics [30–34],
e.g., self-interactions, warm DM, decays/annihilations,
or DM-“baryon” coupling etc., can solve some of these
problems. Exotic interactions between DM and ordinary
matter, e.g., neutrinos [35] or sterile neutrinos [36] may be
able to address all these persistent problems. However,
almost all models invoke additional physics specifically
to address the small-scale problems.

We show that (i) DM scattering o� the DR bath, com-
posed of the Goldstone bosons of the global symmetry,
leads to delayed kinetic decoupling that erases the least
massive DM halos, which can mitigate the missing satel-
lites problem, and (ii) DM self-scattering mediated by
the scalar mode leads to smoothening of the inner cusps
of small galactic halos, which alleviates the cusp vs. core
and too big to fail problems. Together, they can ease
all tensions between observations and cold DM simula-
tions, with no need for any other particles or interactions.
Simultaneously, the observed DM density and all other
constraints can be satisfied, which predicts an observable
abundance of DR and the viable DM mass-range.

In the following, we demonstrate the above mechanism.
We show how the small-scale problems may be addressed,
and elaborate the consequences for DR and DM. We out-
line the phenomenology of this scenario, and conclude
with a discussion and a summary of our results.

Dark Matter and Dark Radiation.– We consider
the Lagrangian for the dark sector [13, 15],

Ldark ⇥ �µ⌅
��µ⌅+ µ2

⇥|⌅|
2 � ⇥⇥|⌅|

4

+ i⇧̄�µ�µ⇧�M ⇧̄⇧� (
fd⇧
2
⌅⇧TC⇧+ h.c.), (1)

Complex Scalar 

Fermion 

On spontaneous symmetry breaking  

2

where ⌦ is a complex scalar and ↵ is a 4-component
fermion, both charged under a global U(1) symmetry.
After symmetry-breaking, ⌦ ⌅ (v⇧ + � + i⇧)/

�
2 has a

vacuum expectation value v⇧. Its CP-odd component
⇧ becomes a massless Goldstone field while its CP-even
component � remains. At the same time, the last term in
Eq. (1) splits the fermion field into two mass eigenstates
↵± with massesm⌃

±
= |M±fdv⇧|. The obvious Z2 resid-

ual symmetry, i.e., ↵± ⌥ �↵± and (�, ⇧)⌥ (�, ⇧), guar-
antees that the lighter mass eigenstate, which we take to
be ↵

�
, is stable, and therefore a viable DM candidate.

Relativistic dark particles, e.g., the massless Goldstone
mode ⇧, yield DR.

We will be interested in DM and DR scattering pro-
cesses mediated by the ↵�⌦ interaction in Eq. (1), which,
after symmetry breaking, is rewritten as

� fd
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We will show that when ↵
�
and ↵

+
are quasi-degenerate,

i.e., m⌃
+
�m⌃

�
⌅ �m⌃ ⌃ m⌃, the scattering processes

can be appreciable and important. However, before we
get to that, let’s consider the cosmological abundance of
DR and DM in this scenario.

The temperatures of the dark and the visible sectors
are defined to be the temperatures of the bath of ⇧ and
photons (denoted by ⇥), respectively. We will assume
that T⌦ is a temperature above which the dark sector was
in thermal equilibrium with the visible sector. This may
have been through processes common to both sectors at
high-scale, e.g., inflaton decay. Below this temperature,
the two sectors are decoupled but the conservation of
entropy relates the temperatures in the two sectors as

T⇥ =

�
g⇥d(T⌦)

g⇥d(T⇥)

g⇥v(T�)

g⇥v(T⌦)

⇥1/3

T� , (3)

where g⇥(T ) are the e⇤ective number of relativistic de-
grees of freedom in the dark (d) and visible (v) sectors,
respectively, at their temperatures T . Typically, the fac-
tor in brackets is slightly smaller than 1, and T⇥ � T� .

The DR density is given by relativistic particles in
the dark sector, i.e., �DR = ⌥2g⇥dT

4
⇥ /30, which is con-

veniently parametrized as an additional number of neu-
trinos species,

�N⇤ ⌅
�DR

�⇤
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4g⇥d
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�
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T⇤

⇥4

, (4)

using the known energy density �⇤ of a single flavor of
an active neutrino at temperature T⇤ .

The DM density is set by its chemical freeze-out. In
the regime of our interest (where �m⌃ ⌃ m⌃) the DM
chemical freeze-out is determined by the co-annihilation
process ↵

+
↵

�
⌥ � ⇧, with the co-annihilation cross sec-
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Figure 1. DM-DR scattering via u, s, and t channels.

tion approximately given by [15],

⌦ v↵  �2
d⌥

m2
⌃

, (5)

where �d = f2
d/(4⌥). The contribution from all other

channels are p-wave suppressed and subleading. The ob-
served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
tuning.

Scattering in the Dark Sector.– The DM particle
↵

�
scatters with DR, i.e., the massless pseudoscalar ⇧,

through the processes shown in Fig. 1. The cross section
for DM-DR scattering is

 ⇥⌃
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4
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1 +

16�m2
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3m2
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+
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⌅

⌅
, (6)

in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
⇧ in the center-of-mass frame, roughly T⇥. One can see
that a small �m⌃ enhances the DM-DR scattering.

DM remains in kinetic equilibrium with DR until the
momentum exchange rate due to this process becomes
smaller than the Hubble expansion rate [33, 38], i.e.,
(T⇥/m⌃)n⇥⌦ ⇥⌃

�
↵ ⇧ H(T�) , where n⇥ = 3⌅(3)T 3

⇥ /(4⌥
2)

is the DR number density. The above condition de-
termines the temperature of kinetic decoupling, Tkd ⌅
T� |kd. We have

Tkd  0.5 keV
⇤

10�4.5

�
m⌃

GeV

⇥7/6�10�4
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⇥1/3

⌃�4/3
kd , (7)

where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)

�3 M⌅, such that Tkd  0.5 keV, ensures

the smallest DM halos are larger than about 109M⌅,
which eases the missing satellites problem [40].

DM particles can scatter with each other via ↵
�
↵

�
�

↵
�
↵

�
, mediated by the scalar �. The t and u channel

amplitudes dominate the self-scattering due to the small-
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Figure 1. DM-DR scattering via u, s, and t channels.
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served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
tuning.
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in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
⇧ in the center-of-mass frame, roughly T⇥. One can see
that a small �m⌃ enhances the DM-DR scattering.
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momentum exchange rate due to this process becomes
smaller than the Hubble expansion rate [33, 38], i.e.,
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where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
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spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)
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Residual Z2 symmetry ensures χ- = DM is stable  

Also η = DR 
Weinberg (2013) 
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where ⌦ is a complex scalar and ↵ is a 4-component
fermion, both charged under a global U(1) symmetry.
After symmetry-breaking, ⌦ ⌅ (v⇧ + � + i⇧)/

�
2 has a

vacuum expectation value v⇧. Its CP-odd component
⇧ becomes a massless Goldstone field while its CP-even
component � remains. At the same time, the last term in
Eq. (1) splits the fermion field into two mass eigenstates
↵± with massesm⌃

±
= |M±fdv⇧|. The obvious Z2 resid-

ual symmetry, i.e., ↵± ⌥ �↵± and (�, ⇧)⌥ (�, ⇧), guar-
antees that the lighter mass eigenstate, which we take to
be ↵

�
, is stable, and therefore a viable DM candidate.

Relativistic dark particles, e.g., the massless Goldstone
mode ⇧, yield DR.

We will be interested in DM and DR scattering pro-
cesses mediated by the ↵�⌦ interaction in Eq. (1), which,
after symmetry breaking, is rewritten as

� fd
2
�(↵̄

�
↵

�
� ↵̄

+
↵

+
)� fd

2
⇧(↵̄

+
↵

�
+ ↵̄

�
↵

+
) . (2)

We will show that when ↵
�
and ↵

+
are quasi-degenerate,

i.e., m⌃
+
�m⌃

�
⌅ �m⌃ ⌃ m⌃, the scattering processes

can be appreciable and important. However, before we
get to that, let’s consider the cosmological abundance of
DR and DM in this scenario.

The temperatures of the dark and the visible sectors
are defined to be the temperatures of the bath of ⇧ and
photons (denoted by ⇥), respectively. We will assume
that T⌦ is a temperature above which the dark sector was
in thermal equilibrium with the visible sector. This may
have been through processes common to both sectors at
high-scale, e.g., inflaton decay. Below this temperature,
the two sectors are decoupled but the conservation of
entropy relates the temperatures in the two sectors as

T⇥ =

�
g⇥d(T⌦)

g⇥d(T⇥)

g⇥v(T�)

g⇥v(T⌦)

⇥1/3

T� , (3)

where g⇥(T ) are the e⇤ective number of relativistic de-
grees of freedom in the dark (d) and visible (v) sectors,
respectively, at their temperatures T . Typically, the fac-
tor in brackets is slightly smaller than 1, and T⇥ � T� .

The DR density is given by relativistic particles in
the dark sector, i.e., �DR = ⌥2g⇥dT

4
⇥ /30, which is con-

veniently parametrized as an additional number of neu-
trinos species,

�N⇤ ⌅
�DR

�⇤
=

4g⇥d
7

�
T⇥

T⇤

⇥4

, (4)

using the known energy density �⇤ of a single flavor of
an active neutrino at temperature T⇤ .

The DM density is set by its chemical freeze-out. In
the regime of our interest (where �m⌃ ⌃ m⌃) the DM
chemical freeze-out is determined by the co-annihilation
process ↵

+
↵

�
⌥ � ⇧, with the co-annihilation cross sec-

⇥� ⇥�

� �

⇥+ ⇥+
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Figure 1. DM-DR scattering via u, s, and t channels.

tion approximately given by [15],

⌦ v↵  �2
d⌥

m2
⌃

, (5)

where �d = f2
d/(4⌥). The contribution from all other

channels are p-wave suppressed and subleading. The ob-
served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
tuning.

Scattering in the Dark Sector.– The DM particle
↵

�
scatters with DR, i.e., the massless pseudoscalar ⇧,

through the processes shown in Fig. 1. The cross section
for DM-DR scattering is

 ⇥⌃
�
=

8⌥�2
d�

4

�m6
⌃

⇤
1 +

16�m2
⌃

3m2
⌅

+
8�m4

⌃

m4
⌅

⌅
, (6)

in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
⇧ in the center-of-mass frame, roughly T⇥. One can see
that a small �m⌃ enhances the DM-DR scattering.

DM remains in kinetic equilibrium with DR until the
momentum exchange rate due to this process becomes
smaller than the Hubble expansion rate [33, 38], i.e.,
(T⇥/m⌃)n⇥⌦ ⇥⌃

�
↵ ⇧ H(T�) , where n⇥ = 3⌅(3)T 3

⇥ /(4⌥
2)

is the DR number density. The above condition de-
termines the temperature of kinetic decoupling, Tkd ⌅
T� |kd. We have

Tkd  0.5 keV
⇤

10�4.5

�
m⌃

GeV

⇥7/6�10�4

�d

⇥1/3

⌃�4/3
kd , (7)

where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)�3 M⌅, such that Tkd  0.5 keV, ensures

the smallest DM halos are larger than about 109M⌅,
which eases the missing satellites problem [40].

DM particles can scatter with each other via ↵
�
↵

�
�

↵
�
↵

�
, mediated by the scalar �. The t and u channel

amplitudes dominate the self-scattering due to the small-
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with cosmological observations, and testable in the near
future.

Explain why this is new: A minimal model where one
doesn’t even need the SM for explaining DM properties.
The DM simply scatters o⇤ a bath of the force mediator
itself. Compare with previous results. Explain why this
is important: There is a lot of experimental e⇤ort to make
more precise measurements of Neff and the model could
be testable. It solves many problems all at once, without
having many free parameters. Explain why this a⇤ects
a wide audience: It a⇤ects cosmology and astrophysics,
as well as DM particle physics. Explain the plan of the
paper.

Dark Matter and Dark Radiation.– The La-
grangian of Weinberg’s model is written as1

L ⌃ �µ�
⇤�µ�+ µ2

⌅|�|2 � ⇤⌅|�|4

+ i ̄�µ�µ � M  ̄ � (
f↵
2
� ̄ c + h.c.), (1)

where � and  are a complex scalar and a Dirac fermion,
respectively. At this stage, we neglect the possible mixing
of the SM Higgs and � field.

After � obtains a vev, i.e. v⌅, to break the global U(1),
its CP-odd component ⇥ becomes a massless Goldstone
field while its CP-even component ⌃ remains. At the
same time, the last term in Eq. (1) splits the Dirac
fermion field into two mass eigenstates, �� and �+. The
interaction terms now are given by

� f

2
· ⌃( ̄+ + �  ̄� �) � f

2
· ⇥( ̄+ � +  ̄� +). (2)

The obvious Z2 residual symmetry gurantees that the
lighter mass eigenstate (say  �, denoted as  below) is
stable, and therefore a valid dark matter candidate.

Meanwhile, the residual of massless ⇥ yields dark radi-
ation. The existence of extra radiation has been a long-
standing suspicion based on several experimental mea-
surements, although the latest Planck results have put a
stringent bound on it. Recall that from Planck []

Ne� = 3.36+0.68
�0.64 (95%; Planck +WP + hightL). (3)

It means that even extra physical degrees of freedom of
0.3 (or equivalently, �Ne� ⇤ 0.57 at recombination time)
is still allowed.

Review the model in detail and say everything that
has been done by Weinberg and Ibarra, and how this is
interesting.

Talk about the cosmological evolution of the model
and show how it gives DR and how are the temperatures
related.

1 Here we adopt the formulae used in [? ].

Mention that if dark sector decouples from SM par-
ticles after dark matter freeze-out, the bound on Fig.10
in [? ] applies. However, another possibility which was
missing is that dark sector decouples before, and under-
goes its own reheating processes when massive dark par-
ticles become non-relativistic. This possibility naturally
leads to �Neff around 0.3 – 0.5.2

Dark Matter Freeze-Out.–In the freeze-out sce-
nario, if the two Majorana fermions are nearly de-
generate, the DM relic density is determined the co-
annihilation channel  +  � ⌅ ⌃ ⇥, with the co-
annihilation cross section approximates to

�⌥v ⇧ f4

16⇧m2
⇧

(4)

at the limit of both m⇧+ ⇤ m⇧� =̂ m⇧ and m⇤/m⇧ ⌅ 0.
This is the parameter region this paper is concerned with.

Although the dark sector may have its own tempera-
ture T ⌅ di⇤erent from T� , T ⌅/T� at later time needs to
be larger than ⇤ 0.7 as long as one wants a detectable
extra radiation. Therefore, the value of �⌥v required for
the observed ⇥DM is close to 1 pb (see footnote. 2).

Scattering of Dark Matter .– In this scenario, dark
matter particles scatter with each other via the mediating
scalar ⌃, see , see Fig. 1. Among the three inequivalent
Feynman diagrams, t-and u-channel dominate the self-
interaction due to the smallness of the energy transfer.3

At non-relativistic limit, the squared-matrix element is

⇥ ⇥

⇥ ⇥

�

⇥ ⇥

⇥ ⇥

�
�

⇥ ⇥

⇥ ⇥

Figure 1. t, u, s-channel self-scattering diagrams.

approximated by

|iM|2 ⇧
4m4

⇧

m4
⇤

. (5)

Moreover, at nonrelativistic limit this interaction is bet-
ter described by an attractive Yukawa potential in the
form of

V (r) = � f2

4⇧r
e�r·m⇢ , (6)

whose cross section has been studied extensively in the
literature [? ]. For instance, in the Born regime

2 Although a dark freeze-out with T 0 implies a smaller thermal
annihilation cross section, ↵f / h(T 0/T i)1/2.

3 Note that, even though, there is a relative minus sign in the
amplitudes of the two channels.

DM-DM Scattering DM-DR Scattering 
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where ⌦ is a complex scalar and ↵ is a 4-component
fermion, both charged under a global U(1) symmetry.
After symmetry-breaking, ⌦ ⌅ (v⇧ + � + i⇧)/

�
2 has a

vacuum expectation value v⇧. Its CP-odd component
⇧ becomes a massless Goldstone field while its CP-even
component � remains. At the same time, the last term in
Eq. (1) splits the fermion field into two mass eigenstates
↵± with massesm⌃

±
= |M±fdv⇧|. The obvious Z2 resid-

ual symmetry, i.e., ↵± ⌥ �↵± and (�, ⇧)⌥ (�, ⇧), guar-
antees that the lighter mass eigenstate, which we take to
be ↵

�
, is stable, and therefore a viable DM candidate.

Relativistic dark particles, e.g., the massless Goldstone
mode ⇧, yield DR.

We will be interested in DM and DR scattering pro-
cesses mediated by the ↵�⌦ interaction in Eq. (1), which,
after symmetry breaking, is rewritten as

� fd
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+
)� fd
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+
↵
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+
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We will show that when ↵
�
and ↵

+
are quasi-degenerate,

i.e., m⌃
+
�m⌃

�
⌅ �m⌃ ⌃ m⌃, the scattering processes

can be appreciable and important. However, before we
get to that, let’s consider the cosmological abundance of
DR and DM in this scenario.

The temperatures of the dark and the visible sectors
are defined to be the temperatures of the bath of ⇧ and
photons (denoted by ⇥), respectively. We will assume
that T⌦ is a temperature above which the dark sector was
in thermal equilibrium with the visible sector. This may
have been through processes common to both sectors at
high-scale, e.g., inflaton decay. Below this temperature,
the two sectors are decoupled but the conservation of
entropy relates the temperatures in the two sectors as

T⇥ =

�
g⇥d(T⌦)

g⇥d(T⇥)

g⇥v(T�)

g⇥v(T⌦)

⇥1/3

T� , (3)

where g⇥(T ) are the e⇤ective number of relativistic de-
grees of freedom in the dark (d) and visible (v) sectors,
respectively, at their temperatures T . Typically, the fac-
tor in brackets is slightly smaller than 1, and T⇥ � T� .

The DR density is given by relativistic particles in
the dark sector, i.e., �DR = ⌥2g⇥dT

4
⇥ /30, which is con-

veniently parametrized as an additional number of neu-
trinos species,

�N⇤ ⌅
�DR

�⇤
=

4g⇥d
7

�
T⇥

T⇤

⇥4

, (4)

using the known energy density �⇤ of a single flavor of
an active neutrino at temperature T⇤ .

The DM density is set by its chemical freeze-out. In
the regime of our interest (where �m⌃ ⌃ m⌃) the DM
chemical freeze-out is determined by the co-annihilation
process ↵

+
↵

�
⌥ � ⇧, with the co-annihilation cross sec-
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Figure 1. DM-DR scattering via u, s, and t channels.

tion approximately given by [15],

⌦ v↵  �2
d⌥

m2
⌃

, (5)

where �d = f2
d/(4⌥). The contribution from all other

channels are p-wave suppressed and subleading. The ob-
served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
tuning.

Scattering in the Dark Sector.– The DM particle
↵

�
scatters with DR, i.e., the massless pseudoscalar ⇧,

through the processes shown in Fig. 1. The cross section
for DM-DR scattering is

 ⇥⌃
�
=

8⌥�2
d�

4

�m6
⌃

⇤
1 +

16�m2
⌃

3m2
⌅

+
8�m4

⌃

m4
⌅

⌅
, (6)

in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
⇧ in the center-of-mass frame, roughly T⇥. One can see
that a small �m⌃ enhances the DM-DR scattering.

DM remains in kinetic equilibrium with DR until the
momentum exchange rate due to this process becomes
smaller than the Hubble expansion rate [33, 38], i.e.,
(T⇥/m⌃)n⇥⌦ ⇥⌃

�
↵ ⇧ H(T�) , where n⇥ = 3⌅(3)T 3

⇥ /(4⌥
2)

is the DR number density. The above condition de-
termines the temperature of kinetic decoupling, Tkd ⌅
T� |kd. We have

Tkd  0.5 keV
⇤

10�4.5

�
m⌃

GeV

⇥7/6�10�4

�d

⇥1/3

⌃�4/3
kd , (7)

where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)

�3 M⌅, such that Tkd  0.5 keV, ensures

the smallest DM halos are larger than about 109M⌅,
which eases the missing satellites problem [40].

DM particles can scatter with each other via ↵
�
↵

�
�

↵
�
↵

�
, mediated by the scalar �. The t and u channel

amplitudes dominate the self-scattering due to the small-

3

ness of the energy transfer. In the nonrelativistic limit,
the squared-matrix element is approximately |iM|2 ⇧
4m4

⌅/m
4
⇥, and the interaction is better described by

an attractive Yukawa potential V (r) = �(�d/r)e
�rm⇢ ,

whose cross section has been studied extensively in the
literature [41–43]. For instance, in the Born regime,
�dm⌅/m⇥ ⌅ 1, the scattering cross section in the center
of mass frame, ⌃T =

⇤
d⇥ (d⌃/d⇥)(1 � cos ⇤), is given

by [42]

⌃T ⇧ 8⇧�2
d

m2
⌅v

4
rel

�
log(1 +R2)� R2

1 +R2

⇥
, (8)

with R ⇥ vrelm⌅/m⇥. Here, vrel is the relative velocity
of the two colliding DM particles. We use ⌃T in the
nonperturbative and resonant regimes from ref. [43].

The self-scattering of DM can address the other two
small-scale problems of DM. N-body simulations show
that ⌃⌃T ⌥/m⌅ ⇤ (0.1 � 1) cm2/g at vrel ⇤ 10 km/s leads
to smoothening of the inner ⇤ 1 kpc of DM halos in
dwarf galaxies and mitigates the cusp vs. core prob-
lem [44, 45]. Here, ⌃...⌥ denotes an average over the ve-
locity distribution, which we take to be of the Maxwell-
Boltzmann form with dispersion vrel. The same e⇤ect
also tends to make the inner region of dwarf-sized dark
matter halos less dense, and is able to alleviate the too
big too fail problem [45, 46]. On the other hand, obser-
vations of colliding galaxy clusters, e.g., the Bullet clus-
ter, do not show evidence for DM-DM interactions and
thus require ⌃⌃T ⌥/m⌅ < 1 cm2/g at typical velocities of

vrel ⇤ 103 km/s therein [47]. An ab initio calculation, in-
cluding the above e⇤ects, will provide a more detailed
and quantitative prediction of the small-scale structure.

In Fig. 2, we show the parameter space where the ob-
served DM abundance is obtained through its chemi-
cal freeze-out and all the small-scale problems of DM
structure-formation are solved simultaneously. For a
given DM mass, the relic density fixes �d (shown on the
top x-axis). To solve the cusp vs. core and too big to fail
problems, one needs ⌃⌃T ⌥/m⌅ ⇤ (0.1�1) cm2/g at vrel ⇤
10 km/s, which determines m⇥ in terms of m⌅ (shaded
band). The oscillatory behavior comes from resonances
in the DM scattering. To mitigate the missing satel-
lites problem the DM-DR scattering must be enhanced
through a near-degeneracy of the masses of �±. The
corresponding value of ⇥, which leads to Tkd = 0.5 keV
and hence to Mcut ⇧ 109 M⇤, is shown through a color-
gradient inside the band. We also show the constraint
from the galaxy clusters that ⌃⌃T ⌥/m⌅ < 1 cm2/g for

vrel ⇤ 103 km/s (hatched region at the bottom is ruled
out), and that the theory for the complex scalar ⌥ is
perturbative, i.e., ⌅⇤/(4⇧) . 1 (below dashed line).

Some comments are in order about the scenario we
identify above. If m⌅ . 100 keV, DM is no longer a truly
cold relic, and ⇥ is no longer small. Also, m⇥ becomes
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Figure 2. Solution of all small-scale problems of DM. For
a DM mass m⇥, the coupling �d (top x-axis) is determined
by the relic density. Small-scale problems are solved within
the band. Three thin solid lines in the band correspond
to ⇤⇤T ⌅/m⇥ ⇥ 0.1, 1, 10 cm2/g, respectively (top-down), at
vrel ⇥ 10 km/s, addressing the cusp vs. core and too big to
fail problems. The color-gradient inside shows the common
logarithm of ⇥ � �m⇥/m⇥, which leads to Tkd = 0.5 keV
and solves the missing satellites problem. The hatched re-
gion at the bottom shows the constraint from galaxy clusters,
⇤⇤T ⌅/m⇥ . 1 cm2/g at vrel ⇥ 103 km/s, while the dashed line
indicates the largest m� for which the scalar potential for ⌅
is perturbative.

light enough that it directly contributes to DR around
Tkd. On the other hand, ifm⌅ & 10GeV the potential for
⌥ is no longer perturbative. We therefore find 100 keV .
m⌅ . 10GeV to be best-motivated.

Predictions and Constraints.– The previous con-
siderations show that the complete scenario is specified in
terms of the DM mass if we require that the small-scale
problems of DM be resolved. This has two interesting
and generic consequences – (i) DR leads to an observ-
able prediction for �N� , and (ii) m⌅ is predicted in the
100 keV - 10GeV range, which may be testable at collid-
ers and direct detection experiments aimed at light DM.

Fig. 3 shows the prediction for �N� in BBN and CMB
epochs. �N� increases with a later decoupling, i.e., lower
T⇧, because the decaying SM particles heat up the dark
sector as well. This is most apparent for T⇧ . 0.2GeV,
i.e., below the QCD crossover. There is also a signature
step-like dependence on m⌅, because of energy injection
in the dark sector from m⌅ and m⇥ decays. If m⌅ > T⇧,
then DM freeze-out heats up both the visible and dark
sectors and e⇤ectively lowers �N� . On the other hand,
if m⌅ and/or m⇥ ⇧ 10�3m⌅ & TBBN ⇧ 1MeV, then
the DR bath is heated up by their annihilations/decays,
increasing �N� at BBN. These e⇤ects lead to sharp
changes in �N� across the mass thresholds. Such an
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where ⌦ is a complex scalar and ↵ is a 4-component
fermion, both charged under a global U(1) symmetry.
After symmetry-breaking, ⌦ ⌅ (v⇧ + � + i⇧)/

�
2 has a

vacuum expectation value v⇧. Its CP-odd component
⇧ becomes a massless Goldstone field while its CP-even
component � remains. At the same time, the last term in
Eq. (1) splits the fermion field into two mass eigenstates
↵± with massesm⌃

±
= |M±fdv⇧|. The obvious Z2 resid-

ual symmetry, i.e., ↵± ⌥ �↵± and (�, ⇧)⌥ (�, ⇧), guar-
antees that the lighter mass eigenstate, which we take to
be ↵

�
, is stable, and therefore a viable DM candidate.

Relativistic dark particles, e.g., the massless Goldstone
mode ⇧, yield DR.

We will be interested in DM and DR scattering pro-
cesses mediated by the ↵�⌦ interaction in Eq. (1), which,
after symmetry breaking, is rewritten as
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We will show that when ↵
�
and ↵

+
are quasi-degenerate,

i.e., m⌃
+
�m⌃

�
⌅ �m⌃ ⌃ m⌃, the scattering processes

can be appreciable and important. However, before we
get to that, let’s consider the cosmological abundance of
DR and DM in this scenario.

The temperatures of the dark and the visible sectors
are defined to be the temperatures of the bath of ⇧ and
photons (denoted by ⇥), respectively. We will assume
that T⌦ is a temperature above which the dark sector was
in thermal equilibrium with the visible sector. This may
have been through processes common to both sectors at
high-scale, e.g., inflaton decay. Below this temperature,
the two sectors are decoupled but the conservation of
entropy relates the temperatures in the two sectors as

T⇥ =

�
g⇥d(T⌦)

g⇥d(T⇥)

g⇥v(T�)

g⇥v(T⌦)

⇥1/3

T� , (3)

where g⇥(T ) are the e⇤ective number of relativistic de-
grees of freedom in the dark (d) and visible (v) sectors,
respectively, at their temperatures T . Typically, the fac-
tor in brackets is slightly smaller than 1, and T⇥ � T� .

The DR density is given by relativistic particles in
the dark sector, i.e., �DR = ⌥2g⇥dT

4
⇥ /30, which is con-

veniently parametrized as an additional number of neu-
trinos species,

�N⇤ ⌅
�DR

�⇤
=

4g⇥d
7

�
T⇥

T⇤

⇥4

, (4)

using the known energy density �⇤ of a single flavor of
an active neutrino at temperature T⇤ .

The DM density is set by its chemical freeze-out. In
the regime of our interest (where �m⌃ ⌃ m⌃) the DM
chemical freeze-out is determined by the co-annihilation
process ↵

+
↵

�
⌥ � ⇧, with the co-annihilation cross sec-

⇥� ⇥�

� �

⇥+ ⇥+

⇥� ⇥�

� �

�� ��

⌘ ⌘

⇢

Figure 1. DM-DR scattering via u, s, and t channels.

tion approximately given by [15],

⌦ v↵  �2
d⌥

m2
⌃

, (5)

where �d = f2
d/(4⌥). The contribution from all other

channels are p-wave suppressed and subleading. The ob-
served DM fraction ⇥DM = 0.11h�2 is obtained, depend-
ing on the details of g⇥d,v at the temperature of freeze-

out, for ⌦ v↵  (2 � 5) ⇥ 10�26 cm3/s [37]. We take
⌦ v↵ = 3⇥10�26 cm3/s as an illustrative value. Note that
the observed ⇥DM needs fd ⌃ 1, which self-consistently
motivates the smallness of �m⌃ (⌅ 2fdv⇧), without fine-
tuning.

Scattering in the Dark Sector.– The DM particle
↵

�
scatters with DR, i.e., the massless pseudoscalar ⇧,

through the processes shown in Fig. 1. The cross section
for DM-DR scattering is

 ⇥⌃
�
=

8⌥�2
d�

4

�m6
⌃

⇤
1 +

16�m2
⌃

3m2
⌅

+
8�m4

⌃

m4
⌅

⌅
, (6)

in the limit of �m⌃ ⌃ m⌃ and where � is the energy of
⇧ in the center-of-mass frame, roughly T⇥. One can see
that a small �m⌃ enhances the DM-DR scattering.

DM remains in kinetic equilibrium with DR until the
momentum exchange rate due to this process becomes
smaller than the Hubble expansion rate [33, 38], i.e.,
(T⇥/m⌃)n⇥⌦ ⇥⌃

�
↵ ⇧ H(T�) , where n⇥ = 3⌅(3)T 3

⇥ /(4⌥
2)

is the DR number density. The above condition de-
termines the temperature of kinetic decoupling, Tkd ⌅
T� |kd. We have

Tkd  0.5 keV
⇤

10�4.5

�
m⌃

GeV

⇥7/6�10�4

�d

⇥1/3

⌃�4/3
kd , (7)

where ⇤ ⌅ �m⌃/m⌃ is the fractional mass di⇤erence, and
⌃kd ⌅ (T⇥/T�)|kd, which is in the range of (0.5 � 0.8).
DM-DR scattering can lower Tkd, which enhances the
acoustic damping cuto⇤, Mcut, in the structure power
spectrum. Quantitatively [39], we have Mcut  1.7 ⇥
108 (Tkd/keV)

�3 M⌅, such that Tkd  0.5 keV, ensures

the smallest DM halos are larger than about 109M⌅,
which eases the missing satellites problem [40].

DM particles can scatter with each other via ↵
�
↵

�
�

↵
�
↵

�
, mediated by the scalar �. The t and u channel

amplitudes dominate the self-scattering due to the small-

3

ness of the energy transfer. In the nonrelativistic limit,
the squared-matrix element is approximately |iM|2 ⇧
4m4

⌅/m
4
⇥, and the interaction is better described by

an attractive Yukawa potential V (r) = �(�d/r)e
�rm⇢ ,

whose cross section has been studied extensively in the
literature [41–43]. For instance, in the Born regime,
�dm⌅/m⇥ ⌅ 1, the scattering cross section in the center
of mass frame, ⌃T =

⇤
d⇥ (d⌃/d⇥)(1 � cos ⇤), is given

by [42]

⌃T ⇧ 8⇧�2
d

m2
⌅v

4
rel

�
log(1 +R2)� R2

1 +R2

⇥
, (8)

with R ⇥ vrelm⌅/m⇥. Here, vrel is the relative velocity
of the two colliding DM particles. We use ⌃T in the
nonperturbative and resonant regimes from ref. [43].

The self-scattering of DM can address the other two
small-scale problems of DM. N-body simulations show
that ⌃⌃T ⌥/m⌅ ⇤ (0.1 � 1) cm2/g at vrel ⇤ 10 km/s leads
to smoothening of the inner ⇤ 1 kpc of DM halos in
dwarf galaxies and mitigates the cusp vs. core prob-
lem [44, 45]. Here, ⌃...⌥ denotes an average over the ve-
locity distribution, which we take to be of the Maxwell-
Boltzmann form with dispersion vrel. The same e⇤ect
also tends to make the inner region of dwarf-sized dark
matter halos less dense, and is able to alleviate the too
big too fail problem [45, 46]. On the other hand, obser-
vations of colliding galaxy clusters, e.g., the Bullet clus-
ter, do not show evidence for DM-DM interactions and
thus require ⌃⌃T ⌥/m⌅ < 1 cm2/g at typical velocities of

vrel ⇤ 103 km/s therein [47]. An ab initio calculation, in-
cluding the above e⇤ects, will provide a more detailed
and quantitative prediction of the small-scale structure.

In Fig. 2, we show the parameter space where the ob-
served DM abundance is obtained through its chemi-
cal freeze-out and all the small-scale problems of DM
structure-formation are solved simultaneously. For a
given DM mass, the relic density fixes �d (shown on the
top x-axis). To solve the cusp vs. core and too big to fail
problems, one needs ⌃⌃T ⌥/m⌅ ⇤ (0.1�1) cm2/g at vrel ⇤
10 km/s, which determines m⇥ in terms of m⌅ (shaded
band). The oscillatory behavior comes from resonances
in the DM scattering. To mitigate the missing satel-
lites problem the DM-DR scattering must be enhanced
through a near-degeneracy of the masses of �±. The
corresponding value of ⇥, which leads to Tkd = 0.5 keV
and hence to Mcut ⇧ 109 M⇤, is shown through a color-
gradient inside the band. We also show the constraint
from the galaxy clusters that ⌃⌃T ⌥/m⌅ < 1 cm2/g for

vrel ⇤ 103 km/s (hatched region at the bottom is ruled
out), and that the theory for the complex scalar ⌥ is
perturbative, i.e., ⌅⇤/(4⇧) . 1 (below dashed line).

Some comments are in order about the scenario we
identify above. If m⌅ . 100 keV, DM is no longer a truly
cold relic, and ⇥ is no longer small. Also, m⇥ becomes
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Figure 2. Solution of all small-scale problems of DM. For
a DM mass m⇥, the coupling �d (top x-axis) is determined
by the relic density. Small-scale problems are solved within
the band. Three thin solid lines in the band correspond
to ⇤⇤T ⌅/m⇥ ⇥ 0.1, 1, 10 cm2/g, respectively (top-down), at
vrel ⇥ 10 km/s, addressing the cusp vs. core and too big to
fail problems. The color-gradient inside shows the common
logarithm of ⇥ � �m⇥/m⇥, which leads to Tkd = 0.5 keV
and solves the missing satellites problem. The hatched re-
gion at the bottom shows the constraint from galaxy clusters,
⇤⇤T ⌅/m⇥ . 1 cm2/g at vrel ⇥ 103 km/s, while the dashed line
indicates the largest m� for which the scalar potential for ⌅
is perturbative.

light enough that it directly contributes to DR around
Tkd. On the other hand, ifm⌅ & 10GeV the potential for
⌥ is no longer perturbative. We therefore find 100 keV .
m⌅ . 10GeV to be best-motivated.
Predictions and Constraints.– The previous con-

siderations show that the complete scenario is specified in
terms of the DM mass if we require that the small-scale
problems of DM be resolved. This has two interesting
and generic consequences – (i) DR leads to an observ-
able prediction for �N� , and (ii) m⌅ is predicted in the
100 keV - 10GeV range, which may be testable at collid-
ers and direct detection experiments aimed at light DM.
Fig. 3 shows the prediction for �N� in BBN and CMB

epochs. �N� increases with a later decoupling, i.e., lower
T⇧, because the decaying SM particles heat up the dark
sector as well. This is most apparent for T⇧ . 0.2GeV,
i.e., below the QCD crossover. There is also a signature
step-like dependence on m⌅, because of energy injection
in the dark sector from m⌅ and m⇥ decays. If m⌅ > T⇧,
then DM freeze-out heats up both the visible and dark
sectors and e⇤ectively lowers �N� . On the other hand,
if m⌅ and/or m⇥ ⇧ 10�3m⌅ & TBBN ⇧ 1MeV, then
the DR bath is heated up by their annihilations/decays,
increasing �N� at BBN. These e⇤ects lead to sharp
changes in �N� across the mass thresholds. Such an

Chu and Dasgupta (2014, PRL) 
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What to really look for ? 
•  Clean (High signal to bckgrnd.) 
•  Distinctive  
– Spectral feature 
– Morphological signature 

•  Cross-checkable 
– Multi-messenger 
– Multi-source 
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TABLE I. DES dSph Candidates and Estimated J-factors

Name (⇧, b)a Distanceb log10(Est.J)
c

deg kpc log10(
GeV2

cm5 )

DES J0222.7�5217 (275.0,�59.6) 95 18.3
DES J0255.4�5406 (271.4,�54.7) 87 18.4
DES J0335.6�5403 (266.3,�49.7) 32 19.3
DES J0344.3�4331 (249.8,�51.6) 330 17.3
DES J0443.8�5017 (257.3,�40.6) 126 18.1
DES J2108.8�5109 (347.2,�42.1) 69 18.3
DES J2251.2�5836 (328.0,�52.4) 58 18.8
DES J2339.9�5424 (323.7,�59.7) 95 18.4

a Galactic longitude and latitude.
b We note that typical uncertainties on the distances of dSphs
are 10–15%.

c J-factors are calculated over a solid angle of �⇥ ⇥ 2.4� 10�4 sr
(angular radius 0.⇥5). See text for more details.

LAT ANALYSIS

To search for gamma-ray emission from these new dSph
candidates, we used six years of LAT data (2008 Au-
gust 4 to 2014 August 5) passing the P8R2 SOURCE event
class selections from 500MeV to 500GeV. Compared
to the previous iteration of the LAT event-level analysis,
Pass 8 [35] provides significant improvements in all areas
of LAT analysis; specifically the di�erential point-source
sensitivity improves by 20–40% in P8R2 SOURCE V6 rela-
tive to P7REP SOURCE V15. To remove gamma rays pro-
duced by cosmic-ray interactions in the Earth’s limb,
we rejected events with zenith angles greater than 100�.
Additionally, events from time intervals around bright
gamma-ray bursts and solar flares were removed us-
ing the same method as in the 4-year catalog analysis
(3FGL) [36]. To analyze the dSph candidates in Table I,
we used 10� � 10� ROIs centered on each object. Data
reduction was performed using ScienceTools version 09-
34-03.3 Figure 1 shows smoothed counts maps around
each candidate for energies > 1GeV.

We applied the search procedure presented in Acker-
mann et al. [19] to the new DES dSph candidates. Specif-
ically, we performed a binned maximum-likelihood analy-
sis in 24 logarithmically-spaced energy bins and 0.�1 spa-
tial pixels. Data are additionally partitioned in one of
four PSF event types, which are combined in a joint-
likelihood function when performing the fit to each ROI
[19].

We used a di�use emission model based on the Pass

7 Reprocessed model for Galactic di�use emission,4 but

3 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
4 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

FIG. 1. LAT counts maps in 10⇥⇥10⇥ ROI centered at each
DES dSph candidate (white ‘⇥’ symbols), for E > 1GeV,
smoothed with a 0.⇥25 Gaussian kernel. All 3FGL sources in
the ROI are indicated with white ‘+’ symbols, and those with
a test statistic > 100 are explicitly labeled.

with a small (< 10%) energy-dependent correction to ac-
count for di�erences in the LAT response.5 Point-like
sources within each ROI from the recent 3FGL cata-
log [36] were also included in the fit. The spectral pa-
rameters of these sources were fixed at their 3FGL cata-
log values, while their normalizations were refit over the
broadband energy range. The normalizations of 3FGL
sources more than 5� away from the center are fixed at

5 The energy dependence of the e⇤ective area and energy resolu-
tion is somewhat di⇤erent in Pass 7 Reprocessed and Pass 8.
Because the Galactic di⇤use emission model was fit to Pass 7
Reprocessed data without accounting for the energy dispersion,
we have rescaled the model for this analysis.

Fermi Coll. (2015) 

b-bbar 
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Offered explanations: 
 
1.  Astrophysics 
2.  Sterile Neutrino DM 
3.  Axion-like particle 

Similar “new” lines have 
been observed before 
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Sterile Nu DM decay? 
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Galactic Center Line 
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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Weniger (2012) 

5

where 2� lnL = �⌃2 and the number of degrees of freedom (d.o.f.) is the number of fit parameters.
In Fig. 2, the 1, 2, and 3 ⇧ contours are given by � lnL = 1.76, 4.01, and 7.08 (3 d.o.f.). The
respective contours are � lnL = 2.36, 4.86, and 8.13 (4 d.o.f.) for Fig. 5.

Next, we use this statistical procedure to show that the photon spectrum in the region of interest
is consistent with the presence of a photon line. For now, we assume that the photon continuum
does not contribute to the signal, reserving the case where Nann > 0 for the next section. Scanning
over m⇥ and

⌅�Z/�� ⇥ arctan
N�Z

N��
, (6)

while maximizing over �,⇥, and N�� , we find that the best fit point corresponds to

�
m⇥/GeV,�,⇥, N�� , ⌅�Z/��

⇥
max

= {130, 2.67, 0.90, 31.2, 0} . (7)

The significance of this point relative to the best fit null model (power-law background) with
{�,⇥}null = {2.64, 0.97} is equal to 5.6 ⇧.4 Redoing the fits over the energy range 80–200 GeV,
which corresponds to the energy range used in [7] and [10], we find that the best fit point has a
significance of 4.32 ⇧, which is comparable to what was previously reported.

Fig. 1 shows the spectrum of photon counts in the region of interest. The solid red line corre-
sponds to the best fit model (7) obtained by maximizing the likelihood function over the energy
range from 5–200 GeV. The spectrum is well-characterized by a single falling power-law and a peak
at 130 GeV comprised of ⇤30 photons. Figure 2 shows the 1, 2, and 3 ⇧ contours for points in
the ⌅�Z/�� �m⇥ plane. The best fit point is marked by an “X.” There is a clear symmetry in the
significance contours, with regions about 130 and 145 GeV each within 1⇧ of the best fit model.
For the case of a 145 GeV dark matter, all the photons in the 130 GeV line are due to dark matter
annihilation to ⇤Z, which is why ⌅�Z/�� is maximal and N�� is minimal.

101 102102

101

102102

1

E� �GeV⇥

C
ou
nt
s

FIG. 1: Photon counts within 3� degrees of the Galactic Center (black dots). The solid red line shows
the best fit model given in Eq. (7), assuming no continuum contribution. The dashed black line shows the
continuum spectrum for a 130 GeV dark matter annihilating into W+W� (arbitrary normalization).

4 This quoted significance does not include the look-elsewhere e�ect.
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Figure 3: Sum of monochromatic and continuum photon flux originating from dark matter

annihilating into �� and W+W� with branching ratios BR� = 0.1, 0.01, and 0.0025, respec-

tively. The lower lines show the contribution from dark matter annihilation, and the upper

lines the sum of signal and fitted power-law background. The dashed blue line shows the flux

when taking the line only into account. The Fermi data are the same as in Fig. 1.
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Fig. 18.— Spectrum of emission within 4◦ of the cusp center
(ℓ, b) = (−1.5, 0), excluding |b| < 0.5◦. High-incidence angle events
(upper panel) have a factor of ∼ 2 better energy resolution than
those that enter the LAT close to normal incidence (middle panel)
or the whole sample (lower panel). All three spectra have been
smoothed by a Gaussian of 0.06 FWHM in ∆E/E, similar to the
expected resolution of the upper panel. The continuum model is
dN/dE ∼ E−2.6, normalized at 20 < E < 50 GeV (blue dashed).

following test.
We select low incidence (θ < 30◦) and high incidence

(θ > 40◦) photon samples. We restrict to those near the
cusp center at (ℓ, b) = (−1.5, 0) (ψc < 4◦) but not in the
plane (|b| < 0.5◦). We then convolve each with a ker-
nel and compare them (Figure 18). We adopt an LSF
with a FWHM of ∆E/E = 0.06 for high incidence and
0.12 for low incidence (Edmonds 2011), and in both cases
convolve with another FWHM 0.06 Gaussian. After con-
volution, the LSF is FWHM 0.085 for high incidence and
0.134 for low incidence. Normalized Gaussians of these
widths are shown for reference, normalized to the ex-
pected line strength at 130 GeV. Maps constructed using
only high incidence events are shown in Figure 19.
Note that:

• The 129 GeV feature shape is strikingly similar to
that expected for a line. The 111 GeV feature is
unconvincing, but is also compatible with a line.

• In some cases, fluctuations appear, but are not
present in both low and high incidence spectra.

This analysis did introduce some additional parameters,
but we have made natural choices for them: The 68%
containment radius of the cusp is approximately 4◦, the
Galactic ridge is about 0.5◦ thick, and the ∆E/E = 0.06
smoothing kernel is similar to the LSF of the LAT at high
incidence. Smoothing a spectrum by its LSF is often a
good compromise between resolution and noise suppres-
sion in the high-noise limit. Because these parameters
are all fixed to natural values, there is no significant tri-
als factor for this test, apart from the obvious one, that
the lines could have appeared anywhere (Section 4.2).
This test did not have to succeed. The fact that the

high-incidence photon sample has sharper spectral fea-
tures is important; if the high-θ and low-θ spectra in
Figure 18 had been reversed, it would have been devas-
tating for the line hypothesis.

6.2. Null test: Galactic plane spectrum

To emphasize that the line feature in Figure 18 appears
near the Galactic center and not elsewhere, we perform
the same analysis on the Galactic plane (|b| < 2◦) away
from the GC (ψ > 5◦). We find no indication of a line
in either high-incidence or low-incidence photons (Figure
20).

6.3. Null test: Earth emission photons

Another null test is provided by the Earth emission
photons. Cosmic-ray induced cascades in the Earth’s
atmosphere shower photons on the LAT at high zenith
angle (Z > 108◦). These provide another null test, as
there is no reason for there to be a 130 GeV feature in
the Earth emission spectrum. On average, no feature
is seen (Figure 21). However, there is a hint of a line
at 130 GeV in the low-incidence events and one at 111

1206.1616 

3

FIG. 1: Case of mχ = 130 GeV DM particle annihilating to a
W+W− pair with a cross-section of 1.05× 10−25 cm3s−1 and
to a 2γ line with a cross-section of 1.25 × 10−27 cm3s−1. We
plot the | b |< 5◦, | l |< 5◦.

show limits for both the case of a single line Fig. 2 (top
left) and for a double line Fig. 2 (top right). The exact
choice of the origin of the line(s) and its energy(ies) has
a subdominant effect on the limits in all channels except
in the case of e+e−. That happens since the DM con-
tribution of the main channel to the γ-ray spectrum is
at energies bellow 100 GeV where the lines do not con-
tribute. The case of the e+e− channel is an exception
due to the very significant FSR component which peaks
at mχ. Thus the FSR component competes with the
line(s) in the fit, making its limits sensitive to the ex-
act assumptions on the line(s). We also give in Fig. 2
(bottom panels) the best fit values for the line(s) for the
relevant combinations of DM mass and channel.
The ISRF photon and gas densities have been fixed

based on our background model. The assumptions
on these densities influence the inverse Compton and
bremsstrahlung components respectively. One can derive
even more conservative limits on the DM annihilation
channels by considering only the prompt γ-ray contribu-
tion.
In Fig. 3 we give the 3 σ limits where only the prompt

γ-rays from DM are taken into account. For the W+W−,
bb̄ and τ+τ− channels, for which the prompt γ-rays are
the dominant component, the limits become weaker only
by ≃ 10 − 20%. For the µ+µ−, e+e− modes on the
contrary, since hard CR electrons are injected, their in-
verse Compton and bremsstrahlung components are sig-
nificant. Thus if we ignore these diffuse components keep-
ing only the prompt component, the 3σ limits become
weaker by a factor of 4-5 in both channels.
The limits shown in Figs. 2 and 3 depend on the DM

profile assumptions. We use here an Einasto DM profile:

ρ(r) = ρEin exp

!

−
2

Rc
∗

"

rα

Rα
c

− 1

#$

, (1)

with α = 0.22, Rc = 15.7 kpc and ρEin is set such that

the local DM density is equal to 0.4 GeV cm−3 [24, 25].
That results in a J-factor from that window of J/∆Ω =
1.21× 1024 GeV2cm−5, where J factor is defined here as:

J =

%

∆Ω

% ∞

0

ρ2DM (s,Ω)dsdΩ, (2)

with s to be the distance along line of sight and ∆Ω the
angle of observation.
A more cuspy DM profile would lead to stronger limits

while a more cored (flat) in the inner kpcs would lead to
weaker limits. All the limits shown in Fig. 3 and the lim-
its for W+W−, bb̄ and τ+τ− in Fig. 2 will change inverse
proportionally (exactly or approximately) to the value of
the J-factors within that window, since the prompt com-
ponent is dominant in these channels. The same applies
for the best fit values to the line(s). Thus these limits
can be used for other DM profile assumptions once one
properly takes into account the different J-factor from
that window. For the annihilation channels into µ+µ−

and e+e− the limits in Fig. 2 have a dependence on the
DM profile that is more involved.
Finally since our aim in this paper is not to study the

line itself but the accompanying γ-ray fluxes for the DM
case, we want to ensure that the exact line assumptions
that we make do not influence our limits for the continu-
ous component. The 3σ limits presented in Figs.2 and 3
were derived with the cross-section to the line(s) to be
the best fit value from the fit to the γ-ray data within
| l |< 5◦, | b |< 5◦. Alternatively, we calculate the 3σ
limits for the same channels using for the cross-section to
the line(s) such a value that gives the luminosity stated
for the 4◦ FWHM cusp of [2], that is (1.7±0.4)×1036ph/s
or (3.2± 0.6)× 1035erg/s. The difference in the values of
the cross-sections to the line(s) between the two methods
is ≃ 30% (at the same level with the stated uncertainty
of [2]).
In Table I we present our limits on the continuous com-

ponents for these two alternative methods of evaluating
the cross-section to the line(s) before deriving the limits.
For the case where the cross-section value to the line(s)
comes from the | l |< 5◦, | b |< 5◦ region fit, (denoted
as “free”) and for the case where the cross-section comes
form the luminosity stated by [2]. We show all five chan-
nels for three masses characteristic for the three DM mass
ranges valid in the case of a single line at 127 GeV.
The difference in the limits for all five channels and all

masses between the two methods is at the ≃ 1% level.
The same results apply for the case of 2 lines (111 and
129 GeV). Thus the exact luminosity assumptions for the
line(s) can not influence our results on the continuous
component.
We also find that changing our window of observation

from (| l |, | b |) < 5◦, to (| l |, | b |) < 3◦, 4◦ or 8◦

our limits for the continuous component (for the best fit
value for the line(s)) change by up to 10% (20%), with
the limits from (| l |, | b |) < 5◦ being the strongest (see
also work of [26, 27]).
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If one has 2 photons by SU(2) symmetry one often gets also Z bosons 
Z bosons decay to standard light particles (electron pairs), … 

which can be tested 



Multimessenger : Radio 
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Calculated synchrotron flux from secondary electrons, and the  
constraints from archival radio data (Green Bank, Jodrell Bank,...) 
 
Mild tension with the claim already. LOFAR can easily test this. 

Laha (+Dasgupta) et al. 



DM at the Galactic Center 
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A 40 GeV WIMP ?  

Daylan et al, Abazajian,Canac, Horiuchi, Kaplinghat (2014), etc. 



Systematics etc. 
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Calore, Cholis, McCabe, Weniger (2014) 

GeV excess is robust 
Background model systemetics allow large uncertainties in tails 
Much larger variety of DM models fit the data 
Dwarfs can constrain by improving sensitivity by 3x 



Isotropic Diffuse Flux 
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Extra-Galactic flux has density boosted by a clumping factor due 
to smaller subhalos inside bigger halos. There is a clumping vs. 
cross section degeneracy there. 
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FIG. 13. Same as Fig. 11, but with 30 GeV ⇥⇥ ⇥ bb̄ and
�v = 2.2� 10�26 cm3 s�1. We consider the prompt photon
spectrum only.

cases. For the extragalactic component, we integrate
up to redshift 4 to cover the interesting energy range.
Both features are obtained by convolving the intrinsic
spectrum using 10% energy resolution with Gaussian
smearing.

We first consider the most conservative constraint of
DM annihilation from the IGRB. This can be obtained
by requiring the total DM signal to not overshoot the
total flux of the IGRB. Recall that for the extragalactic
component, the clumping factor is degenerate with the
annihilation cross section. In addition, the clumping
factor correlates with the Galactic substructure boost
through their dependence on Mmin. Therefore, the
general constraint is a surface on the Mmin-⇥v-m� space.
For a specific DM case, like the 130 GeV DM, we
can condense the m� dimension. Lastly, the resultant
Mmin-⇥v plot would depend on the underlying model
of the DM density distribution. A more convenient
treatment is to construct the clumping factor versus ⇥v
plot. In that case, most of the model dependence moves
to the interpretations of the parameter space. For a
pure extragalactic component, a constant flux would be
represented by a straight diagonal line in the clumping
factor-⇥v plane, representing complete degeneracy.

In Fig. 12, we show one of the main results of this
work. The observed IGRB flux defines a line in the
clumping factor-⇥v plane, as labeled by the 100% IGRB
line, above which the DM signal exceeds the IGRB total
flux, and thus is robustly excluded. Superposed are two
independent constraints. The plane is bounded from
below by minimal DM clustering, conservatively defined
by Mmin = 106 M⇥, and bounded from the right by the
relic abundance criterion (the precise value of ⇤⇥v⌅ is
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FIG. 14. Same as Fig. 12, but with 30 GeV ⇥⇥ ⇥ bb̄. The
green parameter space are taken from the “best-fit spatial
model” from [45].

mass dependent and is ⇥ 2.2� 10�26 cm3 s�1 [4], for the
mass range that we are interested in).
The degeneracy between the clumping factor and ⇥v is

apparent in the parameter space where the extragalactic
component dominates the isotropic Galactic component.
As one increases the value of Mmin, the decrease of
the clumping factor is much faster than the decrease of
the boost factor for the isotropic Galactic component.
When ⇤�2⌅ falls below ⇥ 8�104, the Galactic component
begins to dominate the extragalactic component (Eq. 23),
resulting in near-independence of the flux on the value of
⇤�2⌅, and hence the bending feature. The required value
of ⇥v for the 130 GeV DM is labelled by the vertical
green band. On the green band, we map the clumping
factor to Mmin using the LOW substructure model
(solid green labels). In this conservative scenario, the
constraint is below 10�12 M⇥, and thus can be considered
as unconstrained. But for the HIGH case (dotted red
labels), it is probing near 10�12 M⇥. For simplicity, we
conservatively ignored the larger enhancement for the
isotropic Galactic component for the HIGH substructure
case, which matters only when the isotropic Galactic
component dominates.
Any additional non-DM component will significantly

improve the constraint. This extra component could
come from di�erent unresolved astrophysical sources,
including star-forming galaxies, blazers, etc (e.g., see
[126, 127]).
One can also distinguish DM signals from the data

itself. DM annihilation signals usually show a sharp
spectral cut-o� near the DM mass. Such features, if
present in the data, should be easily isolated from any
underlying background that behaves like power laws.



Halo Substructure 
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dΩ 

Sub-halos inside halos “boost” the flux due to “clumpiness” 
This depends on integrating over the halo-mass function 

Kamionkowski, Koushiappas (2009) 

Z
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Multisource : GC + IGRB 
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FIG. 13. Same as Fig. 11, but with 30 GeV ⇥⇥ ⇥ bb̄ and
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cases. For the extragalactic component, we integrate
up to redshift 4 to cover the interesting energy range.
Both features are obtained by convolving the intrinsic
spectrum using 10% energy resolution with Gaussian
smearing.

We first consider the most conservative constraint of
DM annihilation from the IGRB. This can be obtained
by requiring the total DM signal to not overshoot the
total flux of the IGRB. Recall that for the extragalactic
component, the clumping factor is degenerate with the
annihilation cross section. In addition, the clumping
factor correlates with the Galactic substructure boost
through their dependence on Mmin. Therefore, the
general constraint is a surface on the Mmin-⇥v-m� space.
For a specific DM case, like the 130 GeV DM, we
can condense the m� dimension. Lastly, the resultant
Mmin-⇥v plot would depend on the underlying model
of the DM density distribution. A more convenient
treatment is to construct the clumping factor versus ⇥v
plot. In that case, most of the model dependence moves
to the interpretations of the parameter space. For a
pure extragalactic component, a constant flux would be
represented by a straight diagonal line in the clumping
factor-⇥v plane, representing complete degeneracy.

In Fig. 12, we show one of the main results of this
work. The observed IGRB flux defines a line in the
clumping factor-⇥v plane, as labeled by the 100% IGRB
line, above which the DM signal exceeds the IGRB total
flux, and thus is robustly excluded. Superposed are two
independent constraints. The plane is bounded from
below by minimal DM clustering, conservatively defined
by Mmin = 106 M⇥, and bounded from the right by the
relic abundance criterion (the precise value of ⇤⇥v⌅ is
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FIG. 14. Same as Fig. 12, but with 30 GeV ⇥⇥ ⇥ bb̄. The
green parameter space are taken from the “best-fit spatial
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mass dependent and is ⇥ 2.2� 10�26 cm3 s�1 [4], for the
mass range that we are interested in).
The degeneracy between the clumping factor and ⇥v is

apparent in the parameter space where the extragalactic
component dominates the isotropic Galactic component.
As one increases the value of Mmin, the decrease of
the clumping factor is much faster than the decrease of
the boost factor for the isotropic Galactic component.
When ⇤�2⌅ falls below ⇥ 8�104, the Galactic component
begins to dominate the extragalactic component (Eq. 23),
resulting in near-independence of the flux on the value of
⇤�2⌅, and hence the bending feature. The required value
of ⇥v for the 130 GeV DM is labelled by the vertical
green band. On the green band, we map the clumping
factor to Mmin using the LOW substructure model
(solid green labels). In this conservative scenario, the
constraint is below 10�12 M⇥, and thus can be considered
as unconstrained. But for the HIGH case (dotted red
labels), it is probing near 10�12 M⇥. For simplicity, we
conservatively ignored the larger enhancement for the
isotropic Galactic component for the HIGH substructure
case, which matters only when the isotropic Galactic
component dominates.
Any additional non-DM component will significantly

improve the constraint. This extra component could
come from di�erent unresolved astrophysical sources,
including star-forming galaxies, blazers, etc (e.g., see
[126, 127]).
One can also distinguish DM signals from the data

itself. DM annihilation signals usually show a sharp
spectral cut-o� near the DM mass. Such features, if
present in the data, should be easily isolated from any
underlying background that behaves like power laws.

Comparing Galactic 
Center signals with 
Isotropic Diffuse 
signals constrains the 
substructure models 

Ng et al. ( + Dasgupta) (2014) 



PeV DM 
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Esmaili and Serpico (2013) Murase et al (2015) 

… various tensions with energy distribution 



Direct Detection 
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No clean detections yet 
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… but interesting hints/controversies in the 
low-mass range from DAMA, etc.  
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Figure 2: A compilation of the allowed regions and the constraints for the “standard” SI
contact interaction in the (m�,⇥SI) plane. The plots on the top row are taken from [55] (left) and
from [47] (right), while those in the bottom row are taken from [52] (left) and from [56] (right). The
galactic halo has been assumed in the form of an isothermal sphere with velocity dispersion v0 = 220
km/s and local DM energy density �� = 0.3 GeV/cm3.

3.2 Interpretation in terms of the “standard” SI interaction

There are many studies in literature that try to analyze the implications of the results of
DAMA the anomalies in CoGeNT, CRESST-II and recently in CDMS-Si together with the null
results from other experiments in terms of specific DM models and interactions. A routine way
to compare results from di�erent DM experiments is by assuming a particular DM velocity
distribution and a certain type of DM-nucleus interaction. The customary choices that can
often be found in literature are: i) a truncated Maxwell-Boltzmann velocity distribution with
isotropic velocity dispersion v0 = 220 km/s; ii) DM particles coupling through a contact SI
interaction with equal strength to the protons and neutrons. In this case one customarily
chooses the total DM-nucleon cross section �SI defined in Sec. 2.2.1 together with the DM mass
m� as free parameters, since the bounds and the allowed regions from di�erent experiments
can be compared on the same plot.

In Fig. 2 a compilation of the allowed regions of the positive results experiments and the
constraints coming from null results taken from di�erent experimental collaborations are shown.
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Axion Searches 
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Promising time for axion searches 



Collider Searches 
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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) + /ET

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

Image Credit: Joachim Kopp 

No detections yet. 
 
Limits are model-dependent, or based on an EFT / 
simplified model for the DM-SM coupling. 
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FIG. 3: Limits at 90% CL in M⇥ (top) and in the spin-
independent WIMP-nucleon cross section (bottom) for indi-
vidual and combined limits using the D5 operator as a func-
tion of m�.

from collider searches in the e�ective field theory context.222

In addition, we have reinterpreted the experimental re-223

sults, quoted by ATLAS and CMS only for a few e�ective224

operators, across a broad range of operators, providing225

a comprehensive view of the power of these searches to226

constrain the weak-level or weaker interactions between227

dark matter and standard model particles.228

We have made use of the e�ective field theory frame-229

work to convert the ATLAS and CMS results to quan-230

tities relevant for direct-detection and indirect-detection231

dark matter searches. Under the assumptions made for232

the e�ective operators, LHC limits can be very compet-233

itive, in particular for low-mass dark matter particles234

m� � 10 GeV.235
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DM-‐Neutrino	  Coupling	  /	  DM	  mass	  

Escudero	  et	  al	  (2015)	   Archidiacono	  and	  Hannestad	  	  (2013)	  

Limits on DM-neutrino interactions using Galaxies and CMB  
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Without Axions With Axions 

Kumar (2013) 

Bramante (2015) 

With Asymmetric DM 
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Evidence for DM is overwhelming, but …  
… particle identity a mystery 
 
Ideas old and new 

 +  WIMPs, and other variations 
 +  Axions 
 +  Asymmetric DM 
 +  Self-Interactions 
 +  Sterile Nus 

 
Searches for the particle ongoing 

 +  Mostly no detections 
 +  3.5 keV, GeV, and PeV(?) anomalies 
 +  Many new searches coming up 

 
Uncertain and challenging, but we are on an exciting hunting 
expedition! 
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Davis and Silk (2015) 

Limits on DM-photon interactions using galaxy brightness profile 


