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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

9

wino

H.E.S.S.

CTA

NFW profile



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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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. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Note that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
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⇢�. (59)

The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Ne↵ = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <⇠ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Ne↵ and

P
m⌫ is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically �Ne↵ < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ⇡ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give �Ne↵ ⌧ 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are di↵erent, and even thermalized particles could give specific
fractional values of �Ne↵ . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
�Ne↵ = 4/7 ⇡ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or �Ne↵ ⇡ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Ne↵ as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Ne↵ = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Ne↵ = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Ne↵ = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Ne↵ = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Ne↵ = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)
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Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Note that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
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⇢�. (59)

The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Ne↵ = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <⇠ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Ne↵ and

P
m⌫ is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically �Ne↵ < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ⇡ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give �Ne↵ ⌧ 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are di↵erent, and even thermalized particles could give specific
fractional values of �Ne↵ . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
�Ne↵ = 4/7 ⇡ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or �Ne↵ ⇡ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Ne↵ as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Ne↵ = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Ne↵ = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Ne↵ = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Ne↵ = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Ne↵ = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)
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Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Note that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
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The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Ne↵ = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <⇠ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Ne↵ and

P
m⌫ is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically �Ne↵ < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ⇡ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give �Ne↵ ⌧ 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are di↵erent, and even thermalized particles could give specific
fractional values of �Ne↵ . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
�Ne↵ = 4/7 ⇡ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or �Ne↵ ⇡ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Ne↵ as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Ne↵ = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Ne↵ = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Ne↵ = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Ne↵ = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Ne↵ = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)
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Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Note that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2014)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the

photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
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The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is
actually Ne↵ = 3.046, since neutrinos are not completely de-
coupled at electron-positron annihilation and are subsequently
slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recombi-
nation, and neither interact nor decay, so that their energy den-
sity scales with the expansion exactly like massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermal-
ized sterile neutrino that decoupled at T <⇠ 100 MeV; for ex-
ample any sterile neutrino with mixing angles large enough to
provide a potential resolution to short-baseline reactor neutrino
oscillation anomalies would most likely thermalize rapidly in the
early Universe. However, this solution to the neutrino oscillation
anomalies requires approximately 1 eV sterile neutrinos, rather
than the massless case considered in this section; exploration of
the two parameters Ne↵ and

P
m⌫ is reported in Sect. 6.4.3. For

a review of sterile neutrinos see Abazajian et al. (2012).
More generally the additional radiation does not need to be

fully thermalized, for example there are many possible models
of non-thermal radiation production via particle decays (see e.g.,
Hasenkamp & Kersten 2013; Conlon & Marsh 2013). The radi-
ation could also be produced at temperatures T > 100 MeV,
in which case typically �Ne↵ < 1 for each additional species,
since heating by photon production at muon annihilation (at
T ⇡ 100 MeV) decreases the fractional importance of the ad-
ditional component at the later times relevant for the CMB. For
particles produced at T � 100 MeV the density would be di-
luted even more by numerous phase transitions and particle anni-
hilations, and give �Ne↵ ⌧ 1. Furthermore, if the particle is not
fermionic, the factors entering the entropy conservation equation
are di↵erent, and even thermalized particles could give specific
fractional values of �Ne↵ . For example Weinberg (2013) consid-
ers the case of a thermalized massless boson, which contributes
�Ne↵ = 4/7 ⇡ 0.57 if it decouples in the range 0.5 MeV < T <
100 MeV like the neutrinos, or �Ne↵ ⇡ 0.39 if it decouples at
T > 100 MeV (before the photon production at muon annihila-
tion, hence undergoing fractional dilution).

In this paper we follow the usual phenomenological ap-
proach where we constrain Ne↵ as a free parameter with a wide
flat prior, though we comment on a few discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated, since they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Figure 31 shows that Planck is entirely consistent with the
standard value Ne↵ = 3.046. However, a significant density of
additional radiation is still allowed, with the (68 %) constraints

Ne↵ = 3.13 ± 0.32 Planck TT+lowP ; (60a)
Ne↵ = 3.15 ± 0.23 Planck TT+lowP+BAO ; (60b)
Ne↵ = 2.99 ± 0.20 Planck TT,TE,EE+lowP ; (60c)
Ne↵ = 3.04 ± 0.18 Planck TT,TE,EE+lowP+BAO . (60d)
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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
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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
�
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c
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�

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
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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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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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FIG. 1: Allowed regions in (mX ,αX) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant αX . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, ΩXh2 = 0.11, are shown

for (tan θh
W , ξRH) = (

√

3/5, 0.8), (
√

3/5, 0.1), (10, 0.1) (dashed), from top to bottom, as indicated.
The shaded regions are disfavored by constraints from the Bullet Cluster observations on self-

interactions (dark red) and the observed ellipticity of galactic dark matter halos (light yellow).
The Bullet Cluster and ellipticity constraints are derived in Secs. VIII and VII, respectively.

of the parameter space of these models are excluded because the predicted minimum mass
halo is in conflict with observations.

In this section, we analyze the kinetic decoupling of hidden charged dark matter. One
notable difference between the WIMP and hidden charged dark matter is that the charged
dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of τ̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process τ̃hνh ↔ τ̃hνh, but also through the Compton scattering
process τ̃hγh ↔ τ̃hγh. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative difference between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this effect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df(p⃗)

dt
= Γ(T h)(T hmX△p⃗ + p⃗ ·∇p⃗ + 3)f(p⃗) , (6)
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dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of τ̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process τ̃hνh ↔ τ̃hνh, but also through the Compton scattering
process τ̃hγh ↔ τ̃hγh. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative difference between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this effect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df(p⃗)

dt
= Γ(T h)(T hmX△p⃗ + p⃗ ·∇p⃗ + 3)f(p⃗) , (6)
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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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0.357
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⌦
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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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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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FIG. 1: Allowed regions in (mX ,αX) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant αX . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, ΩXh2 = 0.11, are shown

for (tan θh
W , ξRH) = (

√

3/5, 0.8), (
√

3/5, 0.1), (10, 0.1) (dashed), from top to bottom, as indicated.
The shaded regions are disfavored by constraints from the Bullet Cluster observations on self-

interactions (dark red) and the observed ellipticity of galactic dark matter halos (light yellow).
The Bullet Cluster and ellipticity constraints are derived in Secs. VIII and VII, respectively.

of the parameter space of these models are excluded because the predicted minimum mass
halo is in conflict with observations.

In this section, we analyze the kinetic decoupling of hidden charged dark matter. One
notable difference between the WIMP and hidden charged dark matter is that the charged
dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of τ̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process τ̃hνh ↔ τ̃hνh, but also through the Compton scattering
process τ̃hγh ↔ τ̃hγh. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative difference between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this effect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df(p⃗)

dt
= Γ(T h)(T hmX△p⃗ + p⃗ ·∇p⃗ + 3)f(p⃗) , (6)
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5

Notice that the effect is not uniform for all CMB mul-
tipoles. The above argument was made for modes enter-
ing the horizon in the radiation era. For modes entering
the horizon in the matter era, the neutrino perturbations
have no effect. Thus, the damping is operational only on
small scales, l ! 200.

In our analysis, we consider interacting neutrinos in
the tightly coupled limit. By this we mean that the neu-
trinos can be approximated by a fluid for the entire range
of relevant scales, including the scales corresponding to
the CMB multipoles of l ∼ 2000 and those measured by
the large scale structure (LSS) surveys SDSS and 2dF.
The neutrino analogue of the Silk damping scale is thus
assumed to be well below ∼ O(10) comoving Mpc. The
implications of this assumption are further discussed in
Sect. VI.

With the above assumptions, the Boltzmann equations
for the coupled neutrinos are very simple, as discussed in
[55]: the standard multipole expansion for the neutrino
perturbations (see [56]) is truncated at the level of density
and velocity perturbations. The quadrupole (shear) and
higher order moments of the perturbations are set to zero.
The analogues of Eqs. (49) or (50) in [56] are:

• Synchronous gauge

δ̇ν = −
4

3
θν −

2

3
ḣ,

θ̇ν =
1

4
k2δν ,

σν = 0. (8)

• Conformal Newtonian gauge

δ̇ν = −
4

3
θν + 4φ̇,

θ̇ν =
1

4
k2δν + k2ψ,

σν = 0. (9)

Here all the conventions are those of [56]. The quan-
tity δν ≡ δρν/ρν is the neutrino density perturbation;
θν ≡ ikjδT 0

j/(ρ̄+ P̄ ), with the “ν” index assumed on the
right hand side, is the neutrino velocity perturbation; σ
is the shear (see Eq. (22) of [56]). The quantity h is one
of the two scalar perturbations in the synchronous gauge
(the one corresponding to the trace of the scalar metric
perturbation). φ and ψ are the scalar metric perturba-
tions in the Conformal Newtonian gauge. They coincide,
up to a sign, with the gauge invariant Bardeen variables
[57].

The same method of truncating the multipole expan-
sion is utilized in the earlier analyses. Our equations
agree with those of [30, 40] (which are stated in the syn-
chronous gauge) and those of [31] (which are stated in the
Conformal Newtonian gauge). We note that the CAMB
[58] code we use (also CMBFast [59]) employs the syn-
chronous gauge. A slightly more general parameteriza-
tion in terms of the “viscosity parameter”, c2

vis [60] is
followed in [41].
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FIG. 1: Effect of neutrino free-streaming on the CMB multi-
pole spectrum. The thickest curve is the spectrum with the
best fit parameters from WMAP3; the other curves (from
bottom to top) correspond to 1, 2, and 3 strongly coupled
neutrinos (keeping the total number of neutrinos fixed at 3).

The effect of making the neutrinos coupled, for fixed
cosmological parameters, is illustrated in Fig. 1. The
thick curve refers to the standard case of three freely
streaming neutrinos, while the other curves illustrate the
effect of coupling 1, 2, and 3 neutrinos (in order of de-
viation from the thick curve). The changes of the tem-
perature (TT), polarization (EE), and the cross correla-
tion between them (TE) are shown. The Figure clearly

A.Friedland, K.M. Zurek and S. Bashinsky, arxiv:0704.3271
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