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FIG. 3: Indirect detection constraints from gamma ray line searches from H.E.S.S. (blue region)

and projected sensitivity for gamma ray lines at CTA (gray region) assuming an NFW profile for

the dark matter distribution in the galactic center, taken from tracy+ian. still need to work on

this caption .

FIG. 4: Expected significance of missing energy (MET) searches for DM at the LHC and a future

100 TeV collider. The solid black lines in each plot correspond to the sensitivity of the collider

to “wino”-like DM, an SU(2)
weak

triplet Majorana fermion. The colored dots labeled by di↵erent

N -values correspond to our models in which the DM is a Dirac fermion with multiplicity N and

mass chosen to yield the correct abundance from thermal freeze-out.

In the left panel of Figure 4 we show the expected sensitivity of the high luminosity LHC to

the DM in our model. The solid dots correspond to DM with multiplicity N and Dirac masses

chosen so that the correct thermal DM abundance is obtained. We see that the 14 TeV LHC
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Colliders: mono-jets
FIG. 3: Indirect detection constraints from gamma ray line searches from H.E.S.S. (blue region)

and projected sensitivity for gamma ray lines at CTA (gray region) assuming an NFW profile for

the dark matter distribution in the galactic center, taken from tracy+ian. still need to work on

this caption .
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FIG. 4: Expected significance of missing energy (MET) searches for DM at the LHC and a future

100 TeV collider. The solid black lines in each plot correspond to the sensitivity of the collider

to “wino”-like DM, an SU(2)
weak

triplet Majorana fermion. The colored dots labeled by di↵erent

N -values correspond to our models in which the DM is a Dirac fermion with multiplicity N and

mass chosen to yield the correct abundance from thermal freeze-out.

In the left panel of Figure 4 we show the expected sensitivity of the high luminosity LHC to

the DM in our model. The solid dots correspond to DM with multiplicity N and Dirac masses

chosen so that the correct thermal DM abundance is obtained. We see that the 14 TeV LHC
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FIG. 8: Power spectrum including the DM-DR interactions normalized by the power spectrum

with interactions turned o↵. The black dotted curve corresponds to ↵
d

= 10�8, the green dashed

curve corresponds to ↵
d

= 10�8.5 and the red line corresponds to ↵
d

= 10�9. The power spectra

are defined proportional to �2
DM

at a = 10�3. The vertical yellow band labeled k
eq

indicates modes

which enter the horizon at matter-radiation equality, modes which enter the horizon earlier are to

the right (larger k). The blue band labeled �8 indicates modes which the observable �8 is most

sensitive to.

spectrum is strongly suppressed for modes which entered the horizon before matter-radiation

equality. These are modes with k > k
eq

⇠ 0.015 Mpc�1. This should be expected because

in this case the DM is in equilibrium with the DR bath throughout radiation domination.

For the smaller value of ↵
d

= 10�8.5 the power spectrum is less a↵ected with modes which

entered the horizon earlier (larger k) suppressed more that those which entered later. Modes

which enter the horizon after matter radiation equality are not suppressed for any of the

couplings plotted. The light blue vertical band indicates the range of modes which the

observable �8 is sensitive to (�8 is a measurement of the matter fluctuations in spheres of

radius of 8h�1 Mpc).

The smooth suppression of power at small scales that we are finding is special to our

scenario and stems from the fact that the momentum transfer rate scales with temperature

as T 2
dr

, the same scaling as Hubble. Thus it is possible to arrange for the couplings to have

a small e↵ect but acting over a large range of scales. This should be contrasted with cases
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B. Reconciling cosmological data sets

Our results are summarised by Table I. The most striking facts are, first, that our model

can reconcile CMB, BAO and LSS data, and even the H
0

measurement of [16]; and second,

that when at least CMB and LSS data are included in the fit, the minimum e↵ective �2

decreases by a substantial amount when going from the ⇤CDM model to our model: ��2 =

�8.6 for CMB+LSS and ��2 = �15.2 for CMB+BAO+LSS.0.244
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FIG. 4: 68% and 95% CL contours for (�
8

, H
0

) and (�
8

, ⌦
m

): first, for the ⇤CDM model and

CMB+BAO data (green); next, for our model and CMB+BAO data (black), CMB+LSS data

(blue), CMB+BAO+LSS data (red). This figure can be compared with Fig. 33 of Planck 2015 [1],

to show a clear di↵erence between our model and all the massive active/sterile neutrino models

used in that figure: our model can explain a lower �
8

without requiring at the same time a lower

H
0

or a higher ⌦
m

(on the contrary, it is compatible with higher H
0

values).

A good way to appreciate these results is to look at the (�
8

, H
0

) and (�
8

, ⌦
m

) contours

shown in Figure 4. The CMB+BAO results for ⇤CDM are shown in green. These results are

notoriously in 3-4� tension with LSS data, which require at the same time a lower �
8

and a

similar ⌦
m

, and in 2-3� tension with the high value of H
0

from [16]. The CMB+BAO results

for our model are shown in black/grey. The comparison of the green and black contours

makes the point. Our model is compatible with much lower values of �
8

for the same range of

⌦
m

values. It is also compatible with much larger H
0

values. It is worth stressing a crucial

di↵erence between our model and more traditional models featuring extra relativistic or

massive relics (like sterile neutrinos), in combination with massive active neutrinos. These
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FIG. 5: Posterior probabilities for the eight parameters forming the basis of our model and for two

derived parameters (⌦
m

, �
8

), for CMB data combined with BAOs (black), LSS (blue), BAO+LSS

(red), BAO+LSS+H
0

(yellow). See the text for details on parameter definitions and units, and for

the precise content of each dataset.

for CMB+BAO data, and 3-4� away from zero as soon as LSS data is introduced. The

figure also shows that adding an H
0

prior has very little e↵ect, excepted on H
0

itself, and

on the correlated parameter �N
e↵

(which is compatible with the lower value of the prior

range �N
e↵

= 0.21 in all the cases without an H
0

prior).
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FIG. 6: 68% and 95% CL contours for (�N
e↵

, �
0

), (�N
e↵

, H
0

), (�
0

, �
8

), with CMB+BAO data

(black), CMB+LSS data (blue), CMB+BAO+LSS data (red).

The relation between the observable parameters (�
8

, H
0

) and the fundamental parameters

(�
0

, �N
e↵

) is better illustrated by figure 6. The fact that the dark matter–dark radiation

interaction has the e↵ect of reducing the small-scale matter power spectrum is directly

responsible for the strong correlation between �
8

and �
0

. Concerning the correlation between
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linear perturbations

is to demonstrate the e↵ect of the interactions on the DM density perturbations we compare

our scenario with interactions to the same scenario with ↵
d

= 0.

In Fourier space the equations for the DM and DR over densities are

�̇
DM

= �✓
DM

+ 3 ̇

✓̇
DM

= � ȧ

a
✓
DM

+ a�
V

(✓
DR

� ✓
DM

) + k2 

�̇
DR

= �4

3
✓
DR

+ 4 ̇

✓̇
DR

= k2 �DR

4
+ k2 +

3

4

⇢
DM

⇢
DR

a�
V

(✓
DM

� ✓
DR

),

(11)

where the dots represent derivatives with respect to conformal time, ⇢
DM

and ⇢
DR

are the

average energy densities of DM and DR respectively and �
X

and ✓
X

are related to the over

density and velocity divergence in fluid X. We have also set the two metric perturbations

equal because we are treating the photons and dark radiation as ideal fluids (no anisotropic

stress) and did not include neutrinos which have sizable anisotropic stresses. The interaction

between dark matter and dark radiation is encoded in the momentum transfer rate ⌧�1
c

[?

]. It is defined as the change in momentum ~̇p
�

= �a⌧�1
c

~p
�

which a DM particle with

momentum ~P experiences due to friction as it is moving through the dark gluon fluid.

Microscopically, the friction arises from collisions between DM particles and dark gluons

and to compute it we evaluate

~̇p = a

Z
d3k

(2⇡)3
f(k)

1

4E
p

k

Z
d3k0

(2⇡)32k0
d3p0

(2⇡)32E 0
p

(2⇡)4�(p+k�p0�k0)|M |2(~p 0�~p )(1+f(k0)) , (12)

where now the initial DM momentum ~p is non-zero and we expand to first order in p/M
�

.

Employing the same approximations as for the energy transfer rate we obtain

⌧�1
c

= (N2�1)
⇡

9
↵2
d

log↵�1
d

T 2
d

M
�

(13)

We integrate the equations for the over densities from a = 10�7 until a = 10�3. To

focus only on e↵ects of the coupling between DM and DR we form a ratio where we divide

the power spectrum with interactions turned on by the power spectrum with ↵
d

= 0. The

power spectra we show are defined as P (k) ⌘ c �2
DM

at a = 10�3 where c is an arbitrary

normalization. Note that since the equations are linear any e↵ects on the power spectra

from initial conditions and the normalization drop out in the ratio.
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

�SI = 1.3⇥ 10�47 cm2

Snowmass CF1 Summary: WIMP Dark Matter Direct Detection arxiv:1310.8327
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