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Direct Detection vs. Dark Matter
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Thermal Relic Dark Matter
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WIMP “Miracle”
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CMB vs. Dark MatterPlanck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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Hidden Sector Dark Matter

• Goldberg, Hall, 1986 
• Strassler, Zurek, hep-ph/0604261
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Ultraweakly Interacting Dark Matter

•  Pospelov, Ritz, Voloshin, 0711.4866 
•  Feng, Kumar 0803.4196
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Strongly Interacting Massive Particles

• Hochberg, Kuflik, Volansky, Wacker 1402.5143
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Forbidden Dark Matter

• Griest, Seckel, 1991

• thermal average:

• dark matter mass: m� ⇠ ↵d
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• evades CMB: TCMB ⌧ �m

• D’Agnolo, JTR, 1505.07107
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II. Annihilations with Multiple States
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Coannihilations

•  Griest, Seckel, 1991

�i

�j

•  JTR, Beyond WIMPs, 2015. 
•  D’Agnolo, Mondino, JTR, Wang, to appear. 

• DM mass:

�

�i

�j

⌃ij
h�effvi =

X

i,j

neq
i neq

j

(neq
� )2

h�ijvi

m� ⇠ ↵d

p
TeqMpl e

�(�mi+�mj)/TFO

�mi = mi �m�

• evades CMB if:
�i

�j

⌃ij

�

�
⌧

(assume:                in equil.)                          � $ �i

http://inspirehep.net/record/300447


Coscattering
�

� � neq
� h�vi = H

• DM mass:

 freezeout:

• evades CMB:

 

m� ⇠ ↵d

p
TeqMpl e

�(�m ��m�)/TFO

 

�

�

�m 

�m�

⌧
�

� �

 �

��

�

• D’Agnolo, Pappadopulo, JTR, 1705.08450
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FIG. 4. The left side shows how a typical slice of parameter space is populated by di↵erent freeze-out mechanisms. The
splitting � is fixed at every point to reproduce the measured DM abundance. The values of the remaining parameters are
m� = 0.1GeV, |y| = 0.5, arg y = �i⇡/

p
2, arg � = 0.5, and y�e = 10�7. The right side summarizes the phenomenology of the

model for a mediator � coupling to electrons. � is fixed at each point to reproduce the observed relic density, which is set
everywhere by coscattering, with the exception of the region bounded by the brown contour. Supernova cooling constrains
both the direct production of � and that of dark matter n

1

, while we find that n

2

⇡  is always trapped inside the star.
The other constraints are described in the main body of the text. The reach of PIXIE corresponds to µ < 2.8 ⇥ 10�8 and
y < 2.4⇥ 10�9 [61, 62]. The reach including the expected impact of foregrounds, µ < 9.4⇥ 10�8 [63], is shown with a dotted
line. The remaining model parameters are set to |y| = 1, |�| = 10�4

, arg y = �i⇡/

p
2, arg � = 1/2, and m�/m� = 0.9.

h�
 !�

vi ⇡ f(r)
p
� y

4
�

2

2⇡m

2
�
, where f(r) ⌘ (r2 + r +

2)2/(
p
2(r � 2)2r9/2(r + 1)7/2). For simplicity, we derive

this expression by assuming real �m and y and taking
the limit � ⌧ � ⌧ 1.

Fig. 2 shows the � energy density as a function of x.
We see that Eq. 2 underestimates the � abundance com-
pared to the solution of Eq. 7. For the parameter choice
displayed in Fig. 2, chemical freeze-out of the coscatter-
ing process occurs at x ⇡ 20, while the freeze-out of �
number conserving interactions like �� ! �� happens
much earlier, around x ⇡ 10.

Fig. 3 shows how the relic density, ⌦
�

, depends on
r ⌘ m

�

/m
�

and � ⌘ (m
 

� m
�

)/m
�

. These are the
quantities that enter the exponential of Eq. 6 and are
therefore the most relevant for setting the relic density.
For the chosen parameters, the departure from kinetic
equilibrium is always relevant. The right of Fig. 3 shows
how the thermal corrections from Eq. 7 are enhanced as
the splitting � increases.

It is clear from the previous discussion and Fig. 3, that
coscattering and coannihilation are closely related [41].
By varying parameters, any model that realizes coan-
nihilation can also realize coscattering, and vice versa.
The left side of Fig. 4 is the phase diagram of our model,
which shows the transition from the coscattering to the
coannihilation phase as � and m

�

are varied. We see
that coscattering occurs in the region with small mixing,
� ⌧ 1, and heavy �, m

�

⇠ m
 

. This can be understood
because the ratio between the coscattering and   ! ��
rates scales as ⇠ �2neq

�

/neq

 

⇠ �2e(m �m�)/T .
For completeness, the left panel of Fig. 4 also shows the

WIMP phase, where the relic density is set by the freeze-
out of ��! ��. It is divided into the conventional case,
m
�

> m
�

, and the forbidden regime [5, 11], m
�

< m
�

.
Phenomenology: So far, we have implicitly assumed
that � is part of the thermal bath and can decay to
other species. The simplest possibility is that � cou-
ples to Standard Model particles, leading to experimen-
tal signals. In the following, we assume that � couples to
electrons,

L � �y
�e

� ēe + h.c. (9)

This simple choice captures the essential phenomenology,
and it is straightforward to complete into a gauge invari-
ant operator above the weak scale. For large enough
coupling, y

�e

& 10�10, the dark sector is in kinetic equi-
librium with the Standard Model, implying that the DM
temperature tracks the photon temperature. When the
coupling becomes too large, y

�e

& 10�3, dark matter
scattering o↵ electrons, �e± !  e±, keeps � and  in
equilibrium, bringing the model back into the coannihi-
lation phase. Coscattering is therefore realized for a wide
range of couplings: y

�e

⇠ 10�(3�10).
The various phenomenological constraints on our

model are summarized on the right side of Fig. 4. Lim-
its on the scalar mediator arise from direct production
in beam dump experiments [42–45], at BaBar [46], and
from supernova cooling [47–52].
Since � couples to electrons but not neutrinos, it mod-

ifies their relative temperatures after the weak interac-
tions decouple, changing the e↵ective number of neutri-
nos, N

e↵

[53]. We show the current constraints from

Coscattering Phenomenology
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