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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,
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(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.
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Planck Collaboration: Cosmological parameters

Table 5. Best-fit values and 68% confidence limits for the base ⇤CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration 2013b).

Planck+WP Planck+WP+highL Planck+lensing+WP+highL Planck+WP+highL+BAO

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . 0.022032 0.02205 ± 0.00028 0.022069 0.02207 ± 0.00027 0.022199 0.02218 ± 0.00026 0.022161 0.02214 ± 0.00024
⌦ch2 . . . . . . . . . . 0.12038 0.1199 ± 0.0027 0.12025 0.1198 ± 0.0026 0.11847 0.1186 ± 0.0022 0.11889 0.1187 ± 0.0017
100✓MC . . . . . . . . 1.04119 1.04131 ± 0.00063 1.04130 1.04132 ± 0.00063 1.04146 1.04144 ± 0.00061 1.04148 1.04147 ± 0.00056
⌧ . . . . . . . . . . . . 0.0925 0.089+0.012

�0.014 0.0927 0.091+0.013
�0.014 0.0943 0.090+0.013

�0.014 0.0952 0.092 ± 0.013
ns . . . . . . . . . . . 0.9619 0.9603 ± 0.0073 0.9582 0.9585 ± 0.0070 0.9624 0.9614 ± 0.0063 0.9611 0.9608 ± 0.0054
ln(1010As) . . . . . . . 3.0980 3.089+0.024

�0.027 3.0959 3.090 ± 0.025 3.0947 3.087 ± 0.024 3.0973 3.091 ± 0.025

APS
100 . . . . . . . . . . 152 171 ± 60 209 212 ± 50 204 213 ± 50 204 212 ± 50

APS
143 . . . . . . . . . . 63.3 54 ± 10 72.6 73 ± 8 72.2 72 ± 8 71.8 72.4 ± 8.0

APS
217 . . . . . . . . . . 117.0 107+20

�10 59.5 59 ± 10 60.2 58 ± 10 59.4 59 ± 10

ACIB
143 . . . . . . . . . . 0.0 < 10.7 3.57 3.24 ± 0.83 3.25 3.24 ± 0.83 3.30 3.25 ± 0.83

ACIB
217 . . . . . . . . . . 27.2 29+6

�9 53.9 49.6 ± 5.0 52.3 50.0 ± 4.9 53.0 49.7 ± 5.0

AtSZ
143 . . . . . . . . . . 6.80 . . . 5.17 2.54+1.1

�1.9 4.64 2.51+1.2
�1.8 4.86 2.54+1.2

�1.8

rPS
143⇥217 . . . . . . . . 0.916 > 0.850 0.825 0.823+0.069

�0.077 0.814 0.825 ± 0.071 0.824 0.823 ± 0.070

rCIB
143⇥217 . . . . . . . . 0.406 0.42 ± 0.22 1.0000 > 0.930 1.0000 > 0.928 1.0000 > 0.930

�CIB . . . . . . . . . . 0.601 0.53+0.13
�0.12 0.674 0.638 ± 0.081 0.656 0.643 ± 0.080 0.667 0.639 ± 0.081

⇠tSZ⇥CIB . . . . . . . . 0.03 . . . 0.000 < 0.409 0.000 < 0.389 0.000 < 0.410
AkSZ . . . . . . . . . . 0.9 . . . 0.89 5.34+2.8

�1.9 1.14 4.74+2.6
�2.1 1.58 5.34+2.8

�2.0

⌦⇤ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010
�8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012
zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1
H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77
Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037
100✓⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056
rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

corresponding cosmological parameter constraints are shown in
Fig. 4.

We can draw the following general conclusions.

– The cosmological parameters for the base ⇤CDM model are
extremely insensitive to the foreground model described in
the previous subsection. The addition of the ACT and SPT
data causes the posterior distributions of cosmological pa-
rameters to shift by much less than one standard deviation.

– With Planck data alone, the CIB amplitude at 217 GHz is
strongly degenerate with the 217 GHz Poisson point source
amplitude. This degeneracy is broken by the addition of the
high-resolution CMB data. This degeneracy must be borne
in mind when interpreting Planck-only solutions for CIB pa-
rameters; the sum of the Poisson point source and CIB con-
tributions are well constrained by Planck at 217 GHz (and
in good agreement with the map-based CIB Planck analysis
reported in Planck Collaboration 2013a), whereas the indi-
vidual contributions are not. Another feature of the CIB pa-
rameters is that we typically find smaller values of the CIB
spectral index, �CIB, in Planck-alone solutions compared to
Planck+highL solutions (which can be seen in Fig. 6). This
provided additional motivation to treat �CIB as a parameter
in the Planck likelihood rather than fixing it to a particu-
lar value. There is evidence from the Planck spectra (most
clearly seen by di↵erencing the 217 ⇥ 217 and 143 ⇥ 143
spectra) that the CIB spectrum at 217 GHz flattens in slope
over the multipole range 500 <⇠ ` <⇠ 1000. This will be ex-

plored in further detail in future papers (see also Appendix
C).

– The addition of the ACT and SPT data constrains the ther-
mal SZ amplitude, which is poorly determined by Planck
alone. In the Planck-alone analysis, the tSZ amplitude is
strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di↵er substantially from those for Planck+WP+highL, the
total foreground spectra are insensitive to the addition of the
high-resolution CMB data. For example, for the 217⇥ 217 spec-
trum, the di↵erences in the total foreground solution are less
than 10 µK2 at ` = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su�ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di↵erences between
spectra (including beam errors).
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rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

corresponding cosmological parameter constraints are shown in
Fig. 4.

We can draw the following general conclusions.

– The cosmological parameters for the base ⇤CDM model are
extremely insensitive to the foreground model described in
the previous subsection. The addition of the ACT and SPT
data causes the posterior distributions of cosmological pa-
rameters to shift by much less than one standard deviation.

– With Planck data alone, the CIB amplitude at 217 GHz is
strongly degenerate with the 217 GHz Poisson point source
amplitude. This degeneracy is broken by the addition of the
high-resolution CMB data. This degeneracy must be borne
in mind when interpreting Planck-only solutions for CIB pa-
rameters; the sum of the Poisson point source and CIB con-
tributions are well constrained by Planck at 217 GHz (and
in good agreement with the map-based CIB Planck analysis
reported in Planck Collaboration 2013a), whereas the indi-
vidual contributions are not. Another feature of the CIB pa-
rameters is that we typically find smaller values of the CIB
spectral index, �CIB, in Planck-alone solutions compared to
Planck+highL solutions (which can be seen in Fig. 6). This
provided additional motivation to treat �CIB as a parameter
in the Planck likelihood rather than fixing it to a particu-
lar value. There is evidence from the Planck spectra (most
clearly seen by di↵erencing the 217 ⇥ 217 and 143 ⇥ 143
spectra) that the CIB spectrum at 217 GHz flattens in slope
over the multipole range 500 <⇠ ` <⇠ 1000. This will be ex-

plored in further detail in future papers (see also Appendix
C).

– The addition of the ACT and SPT data constrains the ther-
mal SZ amplitude, which is poorly determined by Planck
alone. In the Planck-alone analysis, the tSZ amplitude is
strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di↵er substantially from those for Planck+WP+highL, the
total foreground spectra are insensitive to the addition of the
high-resolution CMB data. For example, for the 217⇥ 217 spec-
trum, the di↵erences in the total foreground solution are less
than 10 µK2 at ` = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su�ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di↵erences between
spectra (including beam errors).
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Table 5. Best-fit values and 68% confidence limits for the base ⇤CDM model. Beam and calibration parameters, and addi-
tional nuisance parameters for “highL” data sets are not listed for brevity but may be found in the Explanatory Supplement
(Planck Collaboration 2013b).
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�1.9 1.14 4.74+2.6
�2.1 1.58 5.34+2.8

�2.0

⌦⇤ . . . . . . . . . . . 0.6817 0.685+0.018
�0.016 0.6830 0.685+0.017

�0.016 0.6939 0.693 ± 0.013 0.6914 0.692 ± 0.010
�8 . . . . . . . . . . . 0.8347 0.829 ± 0.012 0.8322 0.828 ± 0.012 0.8271 0.8233 ± 0.0097 0.8288 0.826 ± 0.012
zre . . . . . . . . . . . 11.37 11.1 ± 1.1 11.38 11.1 ± 1.1 11.42 11.1 ± 1.1 11.52 11.3 ± 1.1
H0 . . . . . . . . . . . 67.04 67.3 ± 1.2 67.15 67.3 ± 1.2 67.94 67.9 ± 1.0 67.77 67.80 ± 0.77
Age/Gyr . . . . . . . 13.8242 13.817 ± 0.048 13.8170 13.813 ± 0.047 13.7914 13.794 ± 0.044 13.7965 13.798 ± 0.037
100✓⇤ . . . . . . . . . 1.04136 1.04147 ± 0.00062 1.04146 1.04148 ± 0.00062 1.04161 1.04159 ± 0.00060 1.04163 1.04162 ± 0.00056
rdrag . . . . . . . . . . 147.36 147.49 ± 0.59 147.35 147.47 ± 0.59 147.68 147.67 ± 0.50 147.611 147.68 ± 0.45

corresponding cosmological parameter constraints are shown in
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We can draw the following general conclusions.

– The cosmological parameters for the base ⇤CDM model are
extremely insensitive to the foreground model described in
the previous subsection. The addition of the ACT and SPT
data causes the posterior distributions of cosmological pa-
rameters to shift by much less than one standard deviation.

– With Planck data alone, the CIB amplitude at 217 GHz is
strongly degenerate with the 217 GHz Poisson point source
amplitude. This degeneracy is broken by the addition of the
high-resolution CMB data. This degeneracy must be borne
in mind when interpreting Planck-only solutions for CIB pa-
rameters; the sum of the Poisson point source and CIB con-
tributions are well constrained by Planck at 217 GHz (and
in good agreement with the map-based CIB Planck analysis
reported in Planck Collaboration 2013a), whereas the indi-
vidual contributions are not. Another feature of the CIB pa-
rameters is that we typically find smaller values of the CIB
spectral index, �CIB, in Planck-alone solutions compared to
Planck+highL solutions (which can be seen in Fig. 6). This
provided additional motivation to treat �CIB as a parameter
in the Planck likelihood rather than fixing it to a particu-
lar value. There is evidence from the Planck spectra (most
clearly seen by di↵erencing the 217 ⇥ 217 and 143 ⇥ 143
spectra) that the CIB spectrum at 217 GHz flattens in slope
over the multipole range 500 <⇠ ` <⇠ 1000. This will be ex-

plored in further detail in future papers (see also Appendix
C).

– The addition of the ACT and SPT data constrains the ther-
mal SZ amplitude, which is poorly determined by Planck
alone. In the Planck-alone analysis, the tSZ amplitude is
strongly degenerate with the Poisson point source ampli-
tude at 100 GHz. This degeneracy is broken when the high-
resolution CMB data are added to Planck.

The last two points are demonstrated clearly in Fig. 7, which
shows the residuals of the Planck spectra with respect to the
best-fit cosmology for the Planck+WP analysis compared to the
Planck+WP+highL fits. The addition of high-resolution CMB
data also strongly constrains the net contribution from the kSZ
and tSZ⇥CIB components (dotted lines), though these compo-
nents are degenerate with each other (and tend to cancel).

Although the foreground parameters for the Planck+WP fits
can di↵er substantially from those for Planck+WP+highL, the
total foreground spectra are insensitive to the addition of the
high-resolution CMB data. For example, for the 217⇥ 217 spec-
trum, the di↵erences in the total foreground solution are less
than 10 µK2 at ` = 2500. The net residuals after subtracting both
the foregrounds and CMB spectrum (shown in the lower panels
of each sub-plot in Fig. 7) are similarly insensitive to the addi-
tion of the high-resolution CMB data. The foreground model is
su�ciently complex that it has a high “absorptive capacity” to
any smoothly-varying frequency-dependent di↵erences between
spectra (including beam errors).
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Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s−1 Mpc−1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
cival et al. 2009). Kazin et al. (2010) used the
two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very different methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.

Here, rs is the comoving sound horizon size at the
baryon drag epoch zd,

rs(zd) =
c√
3

! 1/(1+zd)

0

da

a2H(a)
"

1 + (3Ωb/4Ωγ)a
. (15)

For zd, we use the fitting formula proposed by
Eisenstein & Hu (1998). The effective distance
measure, DV (z) (Eisenstein et al. 2005), is given
by

DV (z) ≡
#

(1 + z)2D2
A(z)

cz

H(z)

$1/3

, (16)

where DA(z) is the proper (not comoving) angular
diameter distance:

DA(z) =
c

H0

fk

%

H0

"

|Ωk|
& z
0

dz′

H(z′)

'

(1 + z)
"

|Ωk|
, (17)

where fk[x] = sin x, x, and sinhx for Ωk < 0
(k = 1; positively curved), Ωk = 0 (k = 0; flat),
and Ωk > 0 (k = −1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
tion 3.3.
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FIG. 4: Measured power spectra for the full LRG and main galaxy samples. Errors are uncorrelated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ΛCDM fits to WMAP3 alone from Table 5 of [7], normalized to galaxy bias
b = 1.9 (top) and b = 1.1 (bottom) relative to the z = 0 matter power. The dashed curves include the nonlinear correction of [29] for
A = 1.4, with Qnl = 30 for the LRGs and Qnl = 4.6 for the main galaxies; see equation (4). The onset of nonlinear corrections is clearly
visible for k ∼

> 0.09h/Mpc (vertical line).

Our Fourier convention is such that the dimensionless
power ∆2 of [77] is given by ∆2(k) = 4π(k/2π)3P (k).

Before using these measurements to constrain cosmo-
logical models, one faces important issues regarding their
interpretation, related to evolution, nonlinearities and
systematics.

B. Clustering evolution

The standard theoretical expectation is for matter
clustering to grow over time and for bias (the rela-
tive clustering of galaxies and matter) to decrease over
time [78–80] for a given class of galaxies. Bias is also
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FIG. 4: Measured power spectra for the full LRG and main galaxy samples. Errors are uncorrelated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ΛCDM fits to WMAP3 alone from Table 5 of [7], normalized to galaxy bias
b = 1.9 (top) and b = 1.1 (bottom) relative to the z = 0 matter power. The dashed curves include the nonlinear correction of [29] for
A = 1.4, with Qnl = 30 for the LRGs and Qnl = 4.6 for the main galaxies; see equation (4). The onset of nonlinear corrections is clearly
visible for k ∼

> 0.09h/Mpc (vertical line).

Our Fourier convention is such that the dimensionless
power ∆2 of [77] is given by ∆2(k) = 4π(k/2π)3P (k).

Before using these measurements to constrain cosmo-
logical models, one faces important issues regarding their
interpretation, related to evolution, nonlinearities and
systematics.

B. Clustering evolution

The standard theoretical expectation is for matter
clustering to grow over time and for bias (the rela-
tive clustering of galaxies and matter) to decrease over
time [78–80] for a given class of galaxies. Bias is also
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Neutrinos as dark matter

Cosmology 
provides 
upper limits 
on neutrino 
masses

∑m < 0.23 eV

“large” neutrino masszero neutrino mass
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• Neutrino oscillations (largest Δm2 from SK+K2K+MINOS) 
place a lower bound on one of the neutrino masses,  
mν > 0.048 eV 

• Cosmology (CMB+LRG+H0) places an upper bound on the 
sum of the neutrino masses, Σmν < 0.44 eV

• Therefore neutrinos are hot dark matter (mν ≪ Teq=1.28 eV) 
with density 0.0005 < Ωνh2 < 0.0047  

Detecting this Cosmic Neutrino Background (CNB) is a big challenge

Known neutrinos are hot dark matter

Neutrinos as dark matter



Then mν<8 eV/c2 

from upper bound on ρν 
 

Now mν<0.44 eV/c2 from 

upper bound on δρν 

⇢⌫ =
3⇣(3)gT 3

⌫m⌫

8⇡2

⇢⌫ =
7⇡2gT 4

⌫

240

m⌫ & T⌫

m⌫ . T⌫

T⌫ = (4/11)1/3TCMB = 168µeV/k

Neutrinos as dark matter



37.6±0.2 pJ/m3  
ordinary matter

1 to 4 pJ/m3 neutrinos

201±2 pJ/m3  
cold dark matter

535±7 pJ/m3 
dark energy

0.04175±0.00004 pJ/m3 photons

Planck (2015)  
TT,TE,EE+lowP+lensing+ext

matter p≪ρ
radiation p=ρ/3  
vacuum p=-ρ

1 pJ = 10-12 J
ρcrit=1.68829 h2 pJ/m3

Neutrinos

Neutrinos as dark matter

The observed energy 
content of the Universe



The warning

“For any complex physical 
phenomenon there is a simple, 
elegant, compelling, wrong 
explanation.”

Thomas Gold, 1920-2004, 
Austrian-born astronomer 
at Cambridge University 
and Cornell University



Cold dark matter or modified gravity?



Dark matter as alternative gravity | MOND

382 SWATERS, SANDERS, & McGAUGH Vol. 718

Figure 1. MOND predictions. The dots represent the measured rotation velocities and their errors. The dashed line represents the contribution of the H i to the rotation
curve. In cases where there is little or no H i at small radii in the H i disks, the H i at larger radii produces a net outward gravitational force, which is represented here
by the negative velocities. The thin solid line represents the contribution of the stars. The thick solid line is the best MOND fit with only the stellar M/L as a free
parameter. The dotted line is the best MOND fit with both M/L and the distance as free parameters.
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Cold dark matter or modified gravity?

F=ma2/a0 for a ≪ a0

Modified Newtonian Dynamics 
or  

MOND

F=ma for a ≫ a0

New constant of nature:
universal acceleration a0 



Cold dark matter or modified gravity?

• MOND (F=ma2/a0 for a<universal a0) is only non-relativistic and 
so cannot be tested on cosmological scales 

• TeVeS, MOND’s generalization, contains new fields that could be 
interpreted as cold dark matter interacting only gravitationally. It 
does not reproduce the pattern of CMB peaks.

• There are other ideas, like conformal gravity, but are less studied



The Bullet Cluster

Gravitational potential 
from weak lensing

X-ray emitting hot gas 
(Chandra)

Galaxies in optical 
(Hubble Space 
Telescope)

Cold dark matter, not modified gravity
Symmetry argument: gas is at 
center, but potential has two wells.
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2ϕ). The perturbation in the scalar field will support the
perturbations through recombination yet still allow the
damping of anisotropies in the photon fluid. Unlike the
case of dark matter however, the coupling between the
scalar field and the metric is such that ρφ does not play
a role in the magnitude of the effect. Even for minute
values of Ωφ we can still have a non-negligible effect. As
we can see in Fig. 3, the net result is that decreasing
µ0, ℓB or K will boost small scale power in such a way
as to overcome the damping of perturbations. This is an

FIG. 4: The angular power spectrum of the CMB (top panel)
and the power spectrum of the baryon density (bottom panel)
for a MOND universe (with a0 ≃ 4.2×10−8cm/s2) with ΩΛ =
0.78 and Ων = 0.17 and ΩB = 0.05 (solid line), for a MOND
universe ΩΛ = 0.95 and ΩB = 0.05 (dashed line) and for the
Λ-CDM model (dotted line). A collection of data points from
CMB experiments and Sloan are overplotted.

intriguing effect that goes in tandem with what we saw in
the CMB. While decreasing ℓB (and a sufficiently small
K and µ0) will contaminate the large scale power in the

angular power spectrum of the CMB, it can also play a
role in counteracting Silk damping of density perturba-
tions.

Given these two effects on the dynamics of large scale
structure, is it possible to construct a MOND universe
which can reproduce current observations of the CMB
and galaxy surveys? There is clearly a competition be-
tween overproducing large scale power in the CMB but
also overcoming damping on small scale. In Fig. 4 we
present two MOND universes compared to data [13, 14].
As mentioned above, a universe with a very large contri-
bution of Λ will not fit the current CMB data. By having
the three neutrinos with a mass of mν ≃ 2 eV each we
are able to resolve this mismatch. With an appropriate
choice of K, µ0 and ℓB it is possible to reproduce the
power spectrum of galaxies as inferred from the Sloan
Digital Sky Survey [14]. The possibility of using massive
neutrinos to resolve some of the problems with clusters
in a MOND universe has been mooted in [15].

We have focused on one very specific model proposed
by Bekenstein with a somewhat artificial potential for
the new degrees of freedom. This phenomenological ap-
proach needs a firmer theoretical underpinning which
might come from the various approaches which are being
taken in the context of brane worlds, M-theory and a rich
array of theories of modified gravity. However, Beken-
stein’s theory can play an important role in opening up
an altogether different approach to the dark matter prob-
lem. It serves as a proof of concept which will clearly
lead to a new, very different view of the role played by
the gravitational field in cosmology.
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.

Evidence for cold dark matter

Planck



Is cold dark matter an elementary particle?



What particle model for dark matter?

• It should have the cosmic cold dark matter density

• It should be stable or very long-lived (≳1024 yr)

• It should be compatible with collider, astrophysics, etc. bounds

• Ideally, it would be possible to detect it in outer space and 
produce it in the laboratory

• For the believer, it would explain any claim of dark matter 
detection (annual modulation, positrons, gamma-ray line, etc.)



disappears too quickly

couples to the plasma

is the particle of light

Which particle is cold dark matter?

H
Higgs boson

is hot dark matter

No known particle can be cold dark matter!



Particle dark matter

Thermal relics

Non-thermal relics

in thermal equilibrium in the early universe

never in thermal equilibrium in the early universe

neutrinos, neutralinos, other WIMPs, ....

axions, WIMPZILLAs, solitons, ....



Particle dark matter

Hot dark matter

Cold dark matter

- relativistic at kinetic decoupling (start of free streaming)
- big structures form first, then fragment

light neutrinos

neutralinos, axions, WIMPZILLAs, solitons

Warm dark matter

- non-relativistic at kinetic decoupling
- small structures form first, then merge

- semi-relativistic at kinetic decoupling
- smallest structures are erased

sterile neutrinos, gravitinos



Particle dark matter
(hot)

(cold)

(cold)

(warm)

(cold)  

(cold)

(cold)

thermal relics

non-thermal relics

• SM neutrinos

• lightest supersymmetric particle

• lightest Kaluza-Klein particle

• sterile neutrinos, gravitinos

• Bose-Einstein condensates,  
axions, axion clusters

• solitons (Q-balls, B-balls, ...)

• supermassive wimpzillas

               Mass range

10-22 eV (10-56g) B.E.C.s
10-8 M⦿ (10+25g) axion clusters

   Interaction strength range

Only gravitational: wimpzillas
Strongly interacting: B-balls



Particle Dark Matter

Type Ia  Candidates that exist

Type Ib  Candidates in well-motivated frameworks

Type II   All other candidates



Particle Dark Matter

Type Ia  Candidates that exist

Type Ib  Candidates in well-motivated frameworks

Type II   All other candidates

- have been proposed to solve genuine particle 
physics problems, a priori unrelated to dark matter

- have interactions and masses specified within a 
well-defined particle physics model



Particle Dark Matter

Type Ia  Candidates that exist

Type II   All other candidates

heavy neutrinos, axion, lightest supersymmetric 
particle (neutralino, sneutrino, gravitino, axino)

Type Ib  Candidates in well-motivated frameworks

standard neutrinos 

maverick WIMP,  WIMPZILLA, B-balls, Q-balls, 
self-interacting dark matter, string-inspired 
dark matter, etc.



Heavy active neutrinos (4-th generation)
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Cosmological Lower Bound on Heavy-Neutrino Masses

Benjamin W. Lee&'~
Eenni National Accelemtox Labo~ato~, +~ Batavia, Illinois 60510

and

Steven Weinberg '~

Stanford University, Physics Department, Stanford, California 94305
(Received 13 May 1977)

The present cosmic mass density of possible stable neutral heavy leptons is calculated
in a standard cosmological model. In order for this density not to exceed the upper lim-
it of 2x 10 2~ g/cm, the lepton mass would have to be greater than a lower bound of the
order of 2 GeV.

There is a mell-known cosmological argument'
against the existence of neutrino masses greater
than about 40 eV. In the "standard" big-bang
cosmology, ' the present number density of each
kind of neutrino is expected' to be ~» the number
density of photons in the 3'K black-body ba, ck-
ground radiation, or about 300 cm '; hence if the
neutrino mass were above 40 eV, their mass
density would be greater than 2 &&10 "g/cm',
which is roughly the upper limit allowed by pres-
ent estimates4 of the Hubble constant and the de-
celeration parameter.
However, this argument would not apply if the

neutrino mass were much larger than 1 MeV.
Neutrinos are generally expected' to go out of
thermal equilibrium when the temperature drops
to about 10' 'K, the temperature at which neu-
trano coll~sion rates become comparable to the
expansion rate of the universe. If neutrinos were
much heavier than 1 MeV, then they would al-
ready be much rarer than photons at the time
when they go out of thermal equilibrium, and
hence their number density would now be much
less than 300 cm '.
Of course, the familiar electronic and muonic

neutrinos are known to be lighter than 1 MeV.
However, heavier stable neutral leptons could
easily have escaped detection, and are even re-
quired in some gauge models. ' In this Letter, we
suppose that there exists a neutral lepton L' (the
"heavy neutrino") with mass well above 1 MeV,
and we assume that J0 carries some additive or
multiplicative quantum number which keeps it
absolutely stable. We will present arguments
based on the standard big-bang cosmology to show
that the mass of such a particle must be above a
lower bound of order 2 GeV.
At first glance, it might be thought that the

present number density of heavy neutrinos would
simply be less than the above estimate of 300
cm ' by the value exp[-m~/(1 MeV)] of the
Boltzmann factor at the time the heavy neutrinos
go out of thermal equilibrium. If this were the
case, then an upper limit of 2X10 "g/cm ' on
the present cosmic mass density would require
that m~ exp[-m~/(1 MeV) ] should be less than 40
eV, and hence that m~ should either be less than
40 eV or greater than 13 MeV,
However, the true lower bound on the heavy-

neutrino mass is considerably more stringent.

165

2 GeV/c2 for Ωc=1 
Now 4 GeV/c2 for Ωc=0.25



• At early times, heavy neutrinos are produced in e+e-, μ+μ-, etc 
collisions in the hot primordial soup [thermal production].  
 
 
 
 
 

• Neutrino production ceases when the production rate becomes 
smaller than the Hubble expansion rate [freeze-out]. 

• After freeze-out, there is a constant number of  neutrinos in a 
volume expanding with the universe.  

Cosmic density of heavy active neutrinos

(—)

f

f̄

�

�
(—)

e+ + e�, µ+ + µ�, etc.$ � + �



Γann ≡ n⟨σv⟩ ∼ H

annihilation rate

freeze-out

expansion rate

Ωχh2 ≃
3 × 10−27cm3/s

⟨σv⟩
ann

Ωχh
2

= Ωcdmh
2
≃ 0.1143

for

This is why they are called  Weakly Interacting Massive Particles  
(WIMPless candidates are WIMPs!)

h�viann ' 3⇥ 10�26cm3/s
1ns 100ns0.01ns(m=100GeV)

Cosmic density of heavy active neutrinos



Cosmic density of heavy active neutrinos

dn

dt
= �3Hn� h�viann

�
n2 � n2

eq

�

h�viann =

Z 1

4m2

ds

p
s� 4m2K1(

p
s/T )

16m4TK2
2 (m/T )

W (s)

density equation

(“Boltzmann equation”)

W12!···(s) = 4
q
(p1 · p2)2 �m2

1m
2
2 �12!···(s)

thermally averaged cross section times relative velocity

invariant annihilation rate (annihilations per unit time and unit volume)

Gondolo, Gelmini 1991



Cosmic density of heavy active neutrinos
Enqvist, Kainulainen, Maalampi 1989

DIrac neutrino in 4-th generation lepton doublet
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The organization of the paper is the following. In sect. 2 we derive the cross 
section formulas for the annihilations N~! ~ ft, N N  ~ W+W and NN---, H ° H  °, 
where H ° is the neutral higgs (the channel NN --* Z°Z  ° will not be important). The 
first reaction can proceed through a Z-boson and neutral higgs exchange, the second 
reaction through a Z-boson, neutral higgs and heavy lepton (L) exchange and the 
third reaction through a neutral higgs and neutrino exchange. We compute the cross 
sections of all these processes with arbitrary masses m N, m L and m tt of the heavy 
neutrino, heavy lepton and the higgs, respectively. The results, which may be of 
more general interest, are collected in the appendix. In sect. 3 we consider the 
cosmology of the heavy neutrino, derive the freeze-out temperature and its present 
energy density and investigate the ensuing mass limits. 

2. Annihilation cross sections of heavy neutrinos 

In order to obtain a constraint on the mass of a heavy neutrino N from 
cosmology, we have to determine its present energy density PN. To that end we must 
first calculate the freeze-out temperature Tf of the neutrino as a function of its mass 
rn N. To be explicit, we will assume that the neutrino N combines with a heavy 
charged lepton L to form a standard SU(2)L doublet. Moreover, to ensure the 
stability of N, we assume that rn L > rnN, and that N is a Dirac rather than a 
Majorana neutrino. Then the only processes that affect the number density n N are 
those where the neutrino annihilates its antiparticle. In the following we will 
consider carefully the processes NN ~ (f and NNT-~ W + W  -. The annihilation of 
neutrinos into a Z ° Z  ° final state is suppressed as compared with W+W and will 
be omit ted in the following. It turns out that annihilation into a higgs pair H ° H  ° is 
also not important  for determining P N- 

We are interested in the case where N is non-relativistic when it freezes out and 
thus we are not allowed to neglect the initial state effects in annihilation. At 
neutrino masses m N < m w the dominant contribution to N N  annihilation comes 
f rom the Z°-exchange in the s-channel (fig. la). The total cross section is given by 

N c 7ro~ 2 fir 1 
o z ( N N  ~ (f) 

4s X~v fiN 16(1- -Xw)  21Dzl2 

X[½(v2 + a 2 ) s 2 ( 1  + 1/~2) q_ 2(v2a2)m2(s_2m2)], (2) 

where x w = sin 20 w -~ 0.225, and v r and af are the standard neutral vector and axial 
current couplings, respectively, with the convention where G = 1; No is a colour 
factor ( N  c = 3 for quarks and N c = 1 for leptons), s is the center of mass energy 
squared, and fie and fin are the velocities of f and N: 

f i r = ( 1 - 4 m f 2 1 1 / 2  (1 4rn~ 1/2 
s ] ' 7 ) (3) 
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Ca) 

N 
(b )  

Fig. 1. NN annihilation to fermion-antifermion pair ff through (a) Z ° exchange, (b) higgs exchange. 

Finally, fl = tiffin and [Dzl z is the propagator factor of the Z-boson, 

I D z l  z = . ( 4 )  (s-m2z)2+ F~m2z 

Recalling that in our application the neutrino is heavy, we could expect also 
s-channel exchange of a Higgs scalar to be important,  especially to heavy final states 
such as the t-quark (fig. 2b). The cross section is given by 

_ 2(mfmNl2s2B2 
~H~NN ~ gf)= No 4SX~v ~lDHI ~ ~ w  J ' (5) 

where 

= (6) IDHI2 (s--m2)Z+ F~m~ 

Of course, the Z ° and H ° exchanges do not interfere in the total cross section. 
While the higgs contribution in the case of heavy N and heavy final state 

fermions may in general be comparable with, and at the pole orders of magnitude 
larger than, the contribution of the Z-exchange diagram, in the physical situation we 
are interested in, i.e. s = 4m 2, higgs contribution is not very important.  This is so 
because of an extra velocity factor fin = (1 -- 4m2//s) 1/2 in the numerator of the 
cross section o N in eq. (5), which suppresses the s-channel at the non-relativistic 
limit. We will address this question in detail in sect. 3. 
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Fig. 2. NN annihilation to higgs pair H°H ° through (a) higgs exchange, (b) neutrino exchange. 

Annihilation into a higgs pair H°H ° (fig. 2) is also of potential interest. The cross 
section reads 

g4   (mN)4 
- -  O 1 -4- 0" 2 o r - 0" 3 q -  0" 4 ) ,  o(NN--+ H° H °) = 128~rs fin mw (7) 

where g is the standard model gauge coupling constant, f l H  = (1  - -  4m2/s) 1/2, and 
o i are given in the appendix. However, also this process turns out not to be of 
cosmological interest. Although there is no s-channel suppression at the non-relativ- 
istic limit, the cross section (7) vanishes at s = 4rn~ because of the spin statistics of 
the final state. Although o(NN ~ H°H °) dominates over o(NN ~ ff) when m N > 
500 GeV, it will always remain smaller than o(NN ~ W +W-).  Hence for cosmolog- 
ical purposes this cross section can be neglected. 

Let us now turn to consider a more important channel, annihilation to a W-pair. 
Three subprocesses contribute to this reaction: Z ° and H ° exchange in the s-channel 
and the heavy lepton exchange in the t-channel (see fig. 3). The interferences of the 
lepton exchange channel with the Z ° and H ° exchange channels contribute to the 
total cross section, whereas the contribution of the interference between the latter 
two vanishes. The total cross section for annihilation to W +W-  is given by 

__ g4 flW 
o ( N N  ~ W+W - )  - 128ws f in  (°EL + °zz + °un  + OLZ + OLH)' (8) 
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where (now in non-scaled variables) 
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Fig. 2. NN annihilation to higgs pair H°H ° through (a) higgs exchange, (b) neutrino exchange. 

Annihilation into a higgs pair H°H ° (fig. 2) is also of potential interest. The cross 
section reads 

g4   (mN)4 
- -  O 1 -4- 0" 2 o r - 0" 3 q -  0" 4 ) ,  o(NN--+ H°H °) = 128~rs fin mw (7) 

where g is the standard model gauge coupling constant, f l H  = (1  - -  4m2/s) 1/2, and 
o i are given in the appendix. However, also this process turns out not to be of 
cosmological interest. Although there is no s-channel suppression at the non-relativ- 
istic limit, the cross section (7) vanishes at s = 4rn~ because of the spin statistics of 
the final state. Although o(NN ~ H°H °) dominates over o(NN ~ ff) when m N > 
500 GeV, it will always remain smaller than o(NN ~ W +W-).  Hence for cosmolog- 
ical purposes this cross section can be neglected. 

Let us now turn to consider a more important channel, annihilation to a W-pair. 
Three subprocesses contribute to this reaction: Z ° and H ° exchange in the s-channel 
and the heavy lepton exchange in the t-channel (see fig. 3). The interferences of the 
lepton exchange channel with the Z ° and H ° exchange channels contribute to the 
total cross section, whereas the contribution of the interference between the latter 
two vanishes. The total cross section for annihilation to W +W-  is given by 

__ g4 flW 
o ( N N  ~ W+W - )  - 128ws f in  (°EL + °zz + °un  + OLZ + OLH)' (8) 
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N W + 
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Fig. 3. NN annihilation to W+W - through (a) Z ° exchange, (b) higgs exchange and (c) charged 
lepton exchange. 

where flw = (1 - 4rn~v/S) 1/2. The lengthy expressions for the various cross sections 
oij are given in the appendix. 

In  fig. 4 we present the cross section o ( N N  ~ W + W  - )  for two different values of 
the neutr ino mass (m N = 50 GeV and 100 GeV) and for three values of  the higgs 
mass (m H = 300 GeV, r n H =  600 GeV, and m H = oe), keeping the heavy lepton 
mass fixed at m L - -200  GeV. Varying the heavy lepton mass does not affect the 
cross sections significantly. When  the higgs mass is above the threshold, the pole in 
I DHI 2 appears  as a prominent  peak in the cross section, as can be seen in fig. 4. The 
annihi lat ion cross section to fermions and to W's  is compared  with each other in fig. 
5, where we have adopted the values m N = 100 GeV and m L = 200 GeV (here we 
have ignored the higgs contribution). It can be seen f rom fig. 5 that the annihilation 
to W + W -  starts to dominate  the total cross section soon after the threshold, and 
obviously  should not  be overlooked in cosmological considerations. 

Let  us commen t  on the apparently singular behaviour of the cross sections (2) and 
(5) in the non-relativistic limit fin --* 0, which is of interest to us. Strictly speaking 
the formulas  (2) and (5) are not  valid when fin = 0, since when the colliding 
particles move  very slowly relative to each other, one should use non-perturbat ive 
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F 3 =1̂ 22mN ( £-- 4rhZN )(£2-- 4£ + 12) , (A.6) 

r 4 = [£  - 2]~ 3 + [£(~ - 4) - 3(£ - 2)rh 2] 72 

- [ 4 £  z - 5 g - 6 + ( £ 2 5 £ - 2 ) r h  2 - 3 ( g - z ) r h 4 ] F  

- 8 £ - 4 + ( 1 0 £ + 4 ) r h ~ - ( ~ + 2 ) r h 4 - ( g - 2 ) r h  6 ,  (a.7) 

F5 = rh2{[£+ 2]72 + [£2_ £+ 2 _ (2£+ 4)rh2N] ? 

+2£-- 4-- (3£-- 2)rh 2 + (£+ 2)rh 4} ,  (A.8) 

F 6 = ff~2{[2£2- 24]t+ ~3_ 2£2_ 12£+ 2 4 -  (2g 2 -  24) rh2N}. (a.9) 

The integrated cross section is then 

g4 flw 
o(NN + W+W -) - 128~rs fin (°LL + °zz + °n~I + OLZ + OLn)' (A.10) 

where 

OLL ~--- GLL 

1 2 4 Ozz = ~lDzl mwGzz, 

a . H  ¼1DHI 2 4 = m w G H H ,  

2 2 2 mwGcz, 

O'LH~--- l ( S - -  m 2  )IDHI2m2wGLH , ( A . 1 1 )  

and Gi's are functions of £, rh~ and rh 2 = 2 2 mL/m w and given by 

5 2 p 1 L  GLL = 1~(£2 + 20.~--24)+ (~£--5)mzq -- ~m N3̂ 4 + 

- -½ (2-  rh 2 --rh4)2/R- rh2[-12£- 1 -  3rh~ + 2P2L + 1P1/~ ] 

- r h ~ [ ~ -  3 ( £ -  2 -  4rh2)L - ½P2/~] 

+ rh6 [4L - (½£- 1 - 2rh2)/~] _a~mcR , ^ 8  ̂ (A.12) 
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Gzz = 2 ( 8 -  rh~)(g3 + 1682-  6 8 8 -  48), (A.13) 

GHH = r~2 (g--  4rT"t~)(82 -- 48 + 12), (A.14) 

OLZ = -- ~(83 + 18£ 2 -  28£-- 24-- (82+ 68+ 8 ) r h ~ -  6 ( 8 -  2)rh~) 

+ 4(88 + 4 - (10g + 4)rh 2 + (~ + 2)rh 4 + ( 8 -  2)rh 6 )  L 

+ rh[[~2 _ r ig -  4 - ( 4 ~ -  8)rh 2 

+4(4~ 2-  5.~-6 + (~2_ 5~- 2)r~ 2 -  3(~- 2)rh4)L] 

+ r h 4 1 2 ( g - 2 ) - 4 ( g ( 8 - 4 )  - 3(g-2)rh2)L]-rh6[(48-8)L], (A.15) 

GLH = rh 2 { - 8 2 +  2 8 -  S + 2 (8+  2)rh~ + 4 ( 2 8 -  4 -  ( 3 8 -  2)rh 2 + (8+  2)rh 4 ) L  

+rh2L[ - 2 ( g +  2) + 4(g2-- g +  2-- (2g+  4 ) rh4 )L]  

+ rh4 [(4g + 8)L] }, (a .16)  

where in eq. (A.12) 

P1 = 4 ( 8 -  2) + 4grh 2 + ( 8 -  6)rh 4 - 4rh 6 , 

P2 = 4 8 -  5 + ( 2 ~ -  6)rh 2 - 6rh 4 , (AA7) 

and L and /} are defined as 

1 ( 2 - s +  2 r h ~ -  2rh~ + SBNBW), 
L =  2~]~NI~wln 2 _ 8 + 2 d ~ 2  2rh2-- /~N//w 

/~ = [(1 -- r h 2 ) 2 -  rh2(2 - 8 + 2rh2) + rh~] -1 (A.18) 

(ii) ANNIHILATION NN --* H°H ° (FIG. 2) 
The integrated cross section is given by 

-- g4 t S H ( m N ) 4 ( O , + O 2 + 0 3 + 0 4 ) ,  (A.19) 
o(NN-o H°H °) - 128vr~ fin M w  
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Connection to colliders

Inverse reaction

For example, a ~4 GeV/c2 dark matter neutrino would be 
copiously produced in resonant Z boson decays

Annihilation Production⌫⌫̄ ! ff̄ ff̄ ! ⌫⌫̄

Z

⌫

⌫̄

f

f̄ Z

⌫

⌫̄f̄

f

 Excluded by LEP bound Z ! ⌫⌫̄



Connection to direct detection

Crossing

For example, for a ~4 GeV/c2 dark matter neutrino, the scattering cross section is

Annihilation ⌫⌫̄ ! qq̄ Scattering ⌫q ! ⌫q

Z

⌫

⌫̄ q̄

q

Z

⌫ ⌫

q q

�⌫n ' 0.01
h�vi

c
' 10�38 cm2

 Excluded by direct searches
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7�
for M2: 4.2�.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (m�,�WN)-plane, together with
the 1� and 2� confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/�-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.
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Cosmic density of massive neutrinos
Fourth-generation Standard Model neutrino

Excluded as dark matter (1991)

~ few GeV  
preferred cosmological mass 
Lee & Weinberg 1977

Direct
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• One naturally obtains 
the right cosmic 
density of  WIMPs 
 
   Thermal production in  
    hot primordial plasma.

The Magnificent WIMP  
(Weakly Interacting Massive Particle)

• One can experimentally test the WIMP hypothesis

The same physical processes that produce  
the right density of  WIMPs make their detection possible

37.2±0.5 pJ/m3 ordinary matter
1 to 5 pJ/m3 neutrinos

202±5  
pJ/m3  
cold dark 
matter

524±94 pJ/m3  
dark energy

0.04175±0.00004 pJ/m3 photons



The magnificent WIMP

• Mass m
- Simplest models relate mass to cosmic density: 1-104 GeV/c2 

 

• Scattering cross section off nucleons σΧN

- Usually different for protons and neutrons
- Spin-dependent or spin-independent governs scaling to nuclei  
 

• Annihilation cross section into ordinary particles
- σ≃const/v at small v, so use σv
- Simplest models relate cross section to cosmic density 

To first order, three quantities characterize a WIMP
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Minimalist dark matter

Gauge singlet scalar field S, stabilized by Z2 symmetry (S→−S)

Silveira, Zee 1985

LS =
1
2
@µS@µS � 1

2
µ2

SS2 � �S

4
S4 � �LH†HS2

do not confuse with minimal dark matter

Andreas, Hambye, Tytgat 2008

“Higgs portal scalar dark matter”



Minimalist dark matter
do not confuse with minimal dark matter

Andreas, Arina, Hambye, Ling, Tytgat 2010

3

5 10 15 2010-42

10-41

10-40

10-39

mS HGeVL

s
0 n
Hcm

2 L

Figure 1: SI cross section (�0
n

) vs scalar singlet mass (m
S

), for ⇢
DM

= 0.3 GeV/cm3 and a standard Maxwellian velocity
distribution (with mean velocity 220 km/s and escape velocity v

esc

= 650 km/s, see our conventions in [22]). The green region
corresponds to CoGeNT (minimum �2, with contours at 90 and 99.9% C.L.), for which we have assumed that the excess at low
recoil energies is entirely due to DM (assuming a constant background contamination). The DAMA regions (goodness-of-fit,
also at 90 and 99.9% C.L.) are given both with (purple/orange) and without (purple, no fill) channelling. The blue region
corresponds to the CDMS-II two events, at 1�, which we obtained following the procedure of [37]. The blue (short-dashed) line
is the 90% C.L. exclusion limit from CDMS-Si [38]. The black dotted line is the 90% C.L. exclusion limit from the Xenon10
2009 data set, using their scintillation e�ciency [39], as also considered in [37]. The long-dashed line is based on the same
data but using instead the smaller scintillation e�ciency advocated in [40] (central value, at 1� the corresponding exclusion
can be found in [34]). Finally, the brown lines (continuous) encompass the region predicted by the singlet scalar DM model
corresponding to the WMAP range 0.094  ⌦

DM

h2  0.129, for 0.2  f  0.4.

Ursa Minor Draco

m
S

and BR �pred(cm
�2s�1) �95%CL

lim (cm�2s�1) �pred(cm
�2s�1) �95%CL

lim (cm�2s�1)

10 GeV

BR(SS ! ⌧+⌧�) ' 10% 8.5⇥ 10�10 7.8⇥ 10�10 1.6⇥ 10�9 1.6⇥ 10�9

BR(SS ! bb̄+ cc̄) ' 90%

6 GeV

BR(SS ! ⌧+⌧�) ' 20% 1.5⇥ 10�9 1.0⇥ 10�9 2.8⇥ 10�9 1.7⇥ 10�9

BR(SS ! bb̄+ cc̄) ' 80%

Table I: Comparison between the expected gamma-ray flux from a light scalar and the 95%C.L. limits given by the Fermi-Lat
collaboration, Figure 2 in [48]. For the 10 GeV candidate the limits are extracted assuming annihilation into bb̄ with a BR of
100%. The limits for the 6 GeV candidate are our extrapolations, assuming BR=80% BR in bb̄ and BR=20% in ⌧+⌧�.

Following a suggestion made in [34], we may confront the model to data on the gamma flux from dwarf galaxies
recently released by the Fermi-LAT collaboration [48]. The analysis in [48] gives, for various dwarf galaxies, the 95
% C.L. limit on the total flux � of gamma rays (with energy between 100 MeV and 50 GeV) that may be produced
through annihilation of dark matter. The published analysis, which is quite sophisticated, is limited to candidates
with a mass larger than 10 GeV. However the spectrum of photons is quite similar for slightly lighter candidates
(see Figure 2), so we expect the constraints to extrapolate smoothly for, say, a 6 GeV candidate. For the sake of
illustration, we consider the limits from two representative dwarf galaxies, Draco and Ursa Minor [48]. In Table I, we
give the predictions for the singlet scalar model for candidates with mass 6 and 10 GeV, assuming the NFW profiles
as used by the collaboration (see Table 4 of [48]), and for �v = 2.5 · 10�26 cm3·s�1.
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Minimalist  
dark matter

can extract λ from the relic-density number ΩDh
2 = 0.1123±0.0035 [18]. We follow the procedure

given in Ref. [11] and present the results in the SM3+D, for 2.5GeV ≤ mD ≤ 400GeV and a few
mh values for illustration relevant to Higgs searches, in Fig. 1(a), where the band widths reflect the
relic-density range. In the SM4+D, the λ results are mostly somewhat lower than their SM3+D
counterparts, by no more than ∼20%, similarly to what was found in Ref. [11].

A number of experiments have been and are being performed to detect DM directly by looking
for the recoil energy of nuclei caused by the scattering of a WIMP off a nucleon [19–25]. Data
from the direct searches impose extra constraints on the allowed parameter space of the darkon
model. The detection observable is the spin-independent cross-section σel of the darkon-nucleon
elastic interaction through h exchange in the t-channel [5, 11, 13]. Thus to compute σel requires
knowing the Higgs-nucleon coupling gNNh besides the darkon-Higgs coupling λ. We again follow
Ref. [11], but here employ a range of gNNh to account for its sizable uncertainty arising from
its dependence on the pion-nucleon sigma term σπN which is not well determined [27]. For the
latter, phenomenological analyses yield 36MeV ≤ σπN ≤ 71MeV [28], whereas lattice calculation
results have a broader spread from ∼15 to 90 MeV [29]. Accordingly, we can reasonably take
30MeV ≤ σπN ≤ 80MeV. With the aid of the relevant formulas in Refs. [11, 15], this translates
into 1.07× 10−3 ≤ gSM3

NNh ≤ 3.19× 10−3 and 1.60× 10−3 ≤ gSM4
NNh ≤ 3.31× 10−3.

We display in Fig. 1(b) the calculated σel in the SM3+D for the same choices of darkon and Higgs
masses as in Fig. 1(a). It also shows curves representing the results of the latest direct-searches
for DM, including CRESST-II which has reported new indications of WIMP existence [26]. Evi-
dently the uncertainties in gNNh can make σel vary by up to an order of magnitude [27]. Neverthe-
less, this gives us a more realistic picture of how the data probe the darkon model. The SM4+D
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FIG. 1: (a) Darkon-Higgs coupling λ as a function of darkon mass mD in SM3+D for Higgs-mass values
mh = 115, 150, 200, 450 GeV. (b) The corresponding darkon-nucleon cross-section σel, compared to ex-
perimental 90%-CL upper-limits from CoGeNT (magenta dotted curve) [20], CDMS (brown long-dashed

curves) [21], XENON10 (green dot-dashed curve) [22], and XENON100 (black long-dashed curve) [23], as
well as the two (cyan) areas representing possible WIMP events found by CRESST [26] and the (dark gray)
area that can accommodate both DAMA/LIBRA [19] and CoGeNT [20] signal data [30]. The black-dotted

sections of the curves in (a) are disallowed by the direct-search limits in (b), as discussed in the text.
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Figure 8: The SI cross-section (�0
n) vs the scalar singlet mass (mS). On the left, the region (in green) corresponds to

CoGeNT [3] (minimum �2, with contours at 90 and 99.9% C.L.). The black thick and green thin lines are as in Fig. 3 and
denote the exclusion limits from the Fermi-LAT di↵use gamma-rays flux at 95% C.L.. On the right, we give, for the sake of
comparison, the corresponding exclusion limits from direct detection experiments. We include the DAMA regions [2] (goodness-
of-fit, also at 90 and 99.9% C.L.) both with (below CoGeNT, purple/orange) and without (above CoGeNT, purple, no fill)
channelling. The blue (short-dashed) line is the 90% C.L. exclusion limit from CDMS-Si [15]. The red solid curve is the 90%
exclusion limit from Xenon100 [19], using Le↵Min and a threshold at 3 PhotoElectrons. For more details on the experimental
upper bounds and conventions see [9]. On the right, we include the envelope of �0

n �mS parameters consistent with WMAP.
The continuous region corresponds to the standard assumption of a QCD phase transition at Tc = 150 MeV. The black dashed
lines extend this domain for other, possible but less likely, values of Tc, from left to right Tc = 300 MeV and Tc = 500 MeV
respectively.

One may notice that the constraints from IGRB extend to candidates which are even (slightly) lighter than those of
interest for CoGeNT-DAMA, and which are not constrained by direct detection experiments (so far). In particular,
given the conservative constraint corresponding to the continuous black curve in the left panel of Figure 8, we may
conclude that candidates lighter than 5 GeV, and consistent with WMAP, are excluded at 95 % C.L. by the Fermi-LAT
data on the IGRB.

For the sake of comparison with the singlet scalar candidate, we consider a model that consists of a singlet Dirac
fermion candidate  , charged under a broken U(1)0 gauge group, which may interact with the SM degrees of freedom
through the kinetic mixing portal. In [75], it has been shown that such a candidate may be consistent with both
WMAP and the CoGeNT-DAMA regions as well as constraints from LEPI on the Z invisible width. We notice that
this result is a priori in contradiction with the one drawn in [37] and [8], where it has been shown that a singlet Dirac
DM candidate (for a single, vector or scalar annihilation channel) that fits the CoGeNT-DAMA regions has a too
large relic abundance. However, there is no magic, as the conclusion in [8, 37] has been reached by assuming that
there exists a one-to-one correspondence between the annihilation and scattering cross-section (for fixed dark matter
mass), while in [75] the proximity of the Z 0 pole is used to enhance this annihilation cross-section so as to get the
right relic abundance. Incidentally, this will prevent us from presenting the exclusion limits in the �0

n

�M
DM

plane

instance, in [23], it is argued that channelling may, after all, not be very relevant for the interpretation of the DAMA data, so the lower
of the two regions corresponding to DAMA most presumably does not exists. There is however still substantial freedom just on the
experimental side, and, based on the current uncertainties on parameters like quenching, the authors of [14] argued quite convincingly
that, not only, both the DAMA (without channelling) and CoGeNT may be consistent with each others but, moreover, are not excluded
by the current exclusion limits.

CoGeNT

NFW rs(M)

Mmin=10-8M⦿

Mmin=10-6M⦿

Mmin=10 -4M
⦿

13

Branching ratios

mS bb̄ cc̄ ⌧+⌧� others

20 GeV 85 % 5 % 9 % ⇠ 1 %

10 GeV 83 % 7% 10 % ⇠< 1 %

5 GeV 16 % 36 % 42 % ⇠ 5 %

2 GeV \ 69 % 22 % ⇠ 9 %

Table II: Branching ratios in the main annihilation channels of the scalar singlet, for various light candidates.
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Figure 7: Di↵use photon emission for a mS = 2 GeV candidate, the lightest DM particle we consider here, compared to
the Fermi-LAT (in red, below) and EGRET data (in blue, above). Because the EGRET data points are above those from
Fermi-LAT, only the latter is constraining for the mass range relevant for the model. From Figure 6 we used the maximum
allowed < �v >ann = 3.2 · 10�26cm3s�1 and the color code as in Figure 4.

cross-section on nuclei, and plot them in the �0

n

�m
S

plane, Figure 8 on the left, together with the CoGeNT-DAMA
regions and the exclusion limits set by CDMS-Si and Xenon100, which were computed as in [9]. Following the same
convention as in the other figures, the upper bounds from the IGRB are shown in green or black. For M

min

= 10�8M�
and a power law concentration parameter the DAMA and CoGeNT regions are both excluded at 95% C.L., while
the same minimum halo mass with C

WMAP

gives limits which are marginally compatible with the CoGeNT region.
A choice of M

min

= 10�6M� and C
WMAP

is totally compatible with the CoGeNT region and can be accommodated
with the DAMA region (see footnote 7).

For comparison, we also give in Figure 8 (right panel) the region of the �0

n

�m
S

plane consistent with WMAP. In this
figure, the black continuous lines is based on the hypothesis that the QCD phase transition occurred at a temperature
T
c

= 150 MeV (which is the standard assumption both for DarkSusy [105] and Micromegas [106]). Freeze-out after
the QCD phase transition would require an annihilation cross-section which is about twice that for a standard WIMP,
< �v >

ann

⇠ 3 ·10�26 cm3s�1 (see for instance [83]). Since typically x
fo

= M
DM

/T
fo

⇠ 20, this e↵ect is only relevant
for M

DM ⇠< 3 GeV. However, we may contemplate the possibility that the QCD phase transition took place at a
higher temperature, for instance 150 MeV < T

c

< 500 MeV, which is relevant for a candidate M
DM ⇠< 10 GeV, and

thus for the CoGeNT-DAMA regions.7

7 This e↵ect may be relevant in the light of the many possible uncertainties that may be hidden in a Figure like 8 (plot on the right). For

Fermi-LAT

EGRET
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can extract λ from the relic-density number ΩDh
2 = 0.1123±0.0035 [18]. We follow the procedure

given in Ref. [11] and present the results in the SM3+D, for 2.5GeV ≤ mD ≤ 400GeV and a few
mh values for illustration relevant to Higgs searches, in Fig. 1(a), where the band widths reflect the
relic-density range. In the SM4+D, the λ results are mostly somewhat lower than their SM3+D
counterparts, by no more than ∼20%, similarly to what was found in Ref. [11].

A number of experiments have been and are being performed to detect DM directly by looking
for the recoil energy of nuclei caused by the scattering of a WIMP off a nucleon [19–25]. Data
from the direct searches impose extra constraints on the allowed parameter space of the darkon
model. The detection observable is the spin-independent cross-section σel of the darkon-nucleon
elastic interaction through h exchange in the t-channel [5, 11, 13]. Thus to compute σel requires
knowing the Higgs-nucleon coupling gNNh besides the darkon-Higgs coupling λ. We again follow
Ref. [11], but here employ a range of gNNh to account for its sizable uncertainty arising from
its dependence on the pion-nucleon sigma term σπN which is not well determined [27]. For the
latter, phenomenological analyses yield 36MeV ≤ σπN ≤ 71MeV [28], whereas lattice calculation
results have a broader spread from ∼15 to 90 MeV [29]. Accordingly, we can reasonably take
30MeV ≤ σπN ≤ 80MeV. With the aid of the relevant formulas in Refs. [11, 15], this translates
into 1.07× 10−3 ≤ gSM3

NNh ≤ 3.19× 10−3 and 1.60× 10−3 ≤ gSM4
NNh ≤ 3.31× 10−3.

We display in Fig. 1(b) the calculated σel in the SM3+D for the same choices of darkon and Higgs
masses as in Fig. 1(a). It also shows curves representing the results of the latest direct-searches
for DM, including CRESST-II which has reported new indications of WIMP existence [26]. Evi-
dently the uncertainties in gNNh can make σel vary by up to an order of magnitude [27]. Neverthe-
less, this gives us a more realistic picture of how the data probe the darkon model. The SM4+D
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FIG. 1: (a) Darkon-Higgs coupling λ as a function of darkon mass mD in SM3+D for Higgs-mass values
mh = 115, 150, 200, 450 GeV. (b) The corresponding darkon-nucleon cross-section σel, compared to ex-
perimental 90%-CL upper-limits from CoGeNT (magenta dotted curve) [20], CDMS (brown long-dashed

curves) [21], XENON10 (green dot-dashed curve) [22], and XENON100 (black long-dashed curve) [23], as
well as the two (cyan) areas representing possible WIMP events found by CRESST [26] and the (dark gray)
area that can accommodate both DAMA/LIBRA [19] and CoGeNT [20] signal data [30]. The black-dotted

sections of the curves in (a) are disallowed by the direct-search limits in (b), as discussed in the text.

3

For DM, let Higgs 
mass > 115 GeV

Constraints from the LHC: a 125 Higgs is not 99.2% invisible

He, Tandean 2011

5 10 20 50 100
0.0

0.2

0.4

0.6

0.8

1.0

mD !GeV"

!
!h
!

D
D
"

115 GeV

150 GeV

200 GeV

450 GeV

!a" SM3"D

5 10 20 50 100
0.0

0.2

0.4

0.6

0.8

1.0

mD !GeV"

!
!h
!

D
D
"

115 GeV

150 GeV

200 GeV

450 GeV

!b" SM4"D

FIG. 2: Branching ratio of invisible decay h → DD as a function of darkon mass mD for Higgs mass
values mh = 115, 150, 200, 450 GeV in (a) SM3+D and (b) SM4+D. The black-dotted parts of the curves

are ruled out by DM direct searches.

ratio Binv ≃ B(h → DD), especially if mh < 2mW in which case the h → WW channel is not
yet fully open. Needless to say, this implies potentially significant changes to the Higgs branching
ratios assumed in LHC analyses.1

The impact of the enlarged Binv on Higgs searches can be quantified in a different way. Since
the darkon does not participate in the SM gauge interactions or mix with the Higgs, the rates of
the Higgs decays into γγ, τ+τ−, bb̄, WW (∗), and ZZ(∗), which are the modes employed in LHC
searches [2, 3, 8], are not modified in the SM+D with respect to the SM alone. It follows that their
branching ratios in the SM+D are all subject to the same reduction factor [13]

R =
B
!

h → XX̄
"

B
!

h → XX̄
"

SM

=
ΓSM
h

ΓSM
h + Γ(h → DD)

. (2)

Since the gg → h expectation is unchanged by the presence of the darkon, the cross-section of
gg → h → XX̄ is decreased by the same factor R, and so are the cross sections of other Higgs
production mechanisms. Hence the assumed event rate for each production channel in the SM
Higgs searches would be overestimated by R times.

In Fig. 3 we plot R for the same mD and mh choices as in Fig. 2. The graphs in Fig. 3(a,b) look
fairly alike as expected, and the mh = 115GeV curves show that the darkon effect can suppress
the Higgs branching ratios into SM particles by up to 3 orders of magnitude. More precisely, the
values of R in the viable regions of mD are collected in Table I. These plots and numbers also show
that the two allowed regions of mD lead to two distinct ranges of R in each mh case, and that the
gap separating them grows as mh decreases. Moreover, R at a specific mD rises drastically right
after mh exceeds 2mW and the h → WW channel is fully open, which quickly builds up ΓSM

h .

With the numbers in our R examples, we can explore how the darkon effect may alter the
LHC limits on the Higgs mass. Since the determination of the mh exclusion zones is based on
the measured upper-limits on the SM Higgs production cross-section, σmeas, divided by the SM

1 Some of the earlier studies covering the invisible Higgs decay in the darkon model or its variants and its implications

for Higgs searches can be found in Refs. [5, 13–17].
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Constraints from the LHC: a 125 GeV Higgs is not 99.2% invisible

Djouadi, Falkowski, Mambrini, Quevillon 2012

Light  
WIMP 
 region

4

signal and the V+jets backgrounds, we estimate the ex-
pected bound to be Rexp

inv

< 0.9 at 95%CL with 15 fb�1

at
p
s=8 TeV. Obviously, this is just a crude estimate,

as it crucially depends on experiments’ ability to control
systematic errors on the V+jets backgrounds.

Invisible branching fraction and direct detection

If the invisible particle into which the Higgs boson
decays is a constituent of dark matter in the universe,
the Higgs coupling to dark matter can be probed not
only at the LHC but also in direct detection experi-
ments. In this section, we discuss the complementarity of
these two direct detection methods. We consider generic
Higgs-portal scenarios in which the dark matter particle
is a real scalar, a real vector, or a Majorana fermion,
� = S, V, f [8, 26]. The relevant terms in the e↵ective
Lagrangian in each of these cases are

�LS = �1

2
m2

SS
2 � 1

4
�SS

4 � 1

4
�hSSH

†HS2 ,

�LV =
1

2
m2

V VµV
µ+

1

4
�V (VµV

µ)2+
1

4
�hV V H

†HVµV
µ,

�Lf = �1

2
mfff � 1

4

�hff

⇤
H†Hff + h.c. . (2)

The partial Higgs decay width into dark matter �(H !
��) and the spin–independent �–proton elastic cross sec-
tion �SI

�p can be easily calculated in terms of the param-
eters of the Lagrangian, and we refer to Ref. [8] for com-
plete expressions. For the present purpose, it is impor-
tant that both �(H ! ��) and �SI

�p are proportional to
�2

H��; therefore, the ratio r� = �(H ! ��)/�SI

�p depends
only on the dark matter mass M� and known masses
and couplings (throughout, we assume the Higgs mass
be MH = 125 GeV). This allows us to relate the invisi-
ble Higgs branching fraction to the direct detection cross
section:

BRinv

� ⌘ �(H ! ��)

�SM

H + �(H ! ��)
=

�SI

�p

�SM

H /r� + �SI

�p

(3)

with �SM

H the total decay width into all particles in the
SM. For a given M�, the above formula connects the
invisible branching fraction probed at the LHC to the
dark matter-nucleon scattering cross section probed by
XENON100. For mp ⌧ M� ⌧ 1

2

MH , and assuming
the visible decay width equals to the SM total width
�SM

H = 4.0 MeV [27], one can write down the approxi-
mate relations in the three cases that we are considering,
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Thus, for a given mass of dark matter, an upper bound
on the Higgs invisible branching fraction implies an up-
per bound on the dark matter scattering cross section
on nucleons. In Fig. 2 we show the maximum allowed
values of the scattering cross section, assuming the 40%
bound on BRinv

� advocated in Ref. [3]. Clearly, the re-
lation between the invisible branching fraction and the
direct detection cross section strongly depends on the
spinorial nature of the dark matter particle, in particular,
the strongest (weakest) bound is derived in the vectorial
(scalar) case.

In all cases, the derived bounds on �SI

�p are stronger
than the direct one from XENON100 in the entire range
where M� ⌧ 1

2

MH . In other words, the LHC is currently
the most sensitive dark matter detection apparatus, at
least in the context of simple Higgs-portal models (even
more so if � is a pseudoscalar, as in [29]). This conclusion
does not rely on the assumption that the present abun-
dance of � is a thermal relic fulfilling the WMAP con-
straint of ⌦DM = 0.226 [28], and would only be stronger
if � constitutes only a fraction of dark matter in the uni-
verse. We also compared the bounds to the projected
future sensitivity of the XENON100 experiment (corre-
sponding to 60,000 kg-d, 5-30 keV and 45% e�ciency).

Of course, for M� > 1

2

MH , the Higgs boson cannot
decay into dark matter6, in which case the LHC cannot
compete with the XENON bounds.

20 40 60
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Vector

Fermion
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(pb)σ SI

χM    (GeV)

BR  = 40%
inv
χ

−11
10

−7
10

−9
10

XENON100 (projected)

6 In this case, one should consider the pair production of dark
matter particles through virtual Higgs boson exchange, pp !
H⇤X!��X. The rates are expected to be rather small [8, 30].
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Helsinki Institute of Physics, P.O. Box 64, FIN-00014 University of Helsinki, Finland

Christoph Weniger§

GRAPPA Institute, University of Amsterdam, Science Park 904, 1098 GL Amsterdam, Netherlands

One of the simplest models of dark matter is that where a scalar singlet field S comprises some
or all of the dark matter, and interacts with the standard model through an |H|2S2 coupling to
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with the next generation of experiments. We discuss the impact of such constraints on possible
applications of scalar singlet dark matter, including a strong electroweak phase transition, and the
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1. INTRODUCTION

Scalar singlet dark matter [1–3] is an attractive model
due to its simplicity; the essential couplings are just its
bare mass term and a cross-coupling to the standard
model (SM) Higgs field,

V = 1
2µ

2
S

S2 + 1
2�hSS

2|H|2 . (1)

After electroweak symmetry breaking, the S boson mass
receives contributions from both terms, giving

mS =
q
µ2
S

+ 1
2�hSv20 , (2)

where v0 = 246.2GeV is the Higgs VEV. Phenomenology
of this model has been studied in refs. [4–21].

The Higgs cross-term is generically expected to be
present because it is a dimension-4 operator that is not
forbidden by any symmetry. Apart from the S kinetic
term and its quartic self-coupling (which plays no ob-
servable role in phenomenology), the two terms in eq.
(1) are in fact the only renormalizable terms allowed by
general symmetry arguments. Terms cubic or linear in S
are excluded if one demands that S is stable, and there-
fore a viable dark matter (DM) candidate, by imposing
the Z2 symmetry S ! �S.

This single S2|H|2 coupling is however enough to allow
for a contribution to the invisible decay of the Higgs bo-
son, scattering of S on nucleons through Higgs exchange,
and annihilation of S into SM particles, leading to in-
direct detection signatures and an allowed thermal relic
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density. The scalar singlet model is, in essence, the sim-
plest possible UV-complete theory containing a weakly-
interacting massive particle (WIMP). It is intriguing that
natural values of �

hS . 1 and mS below a few TeV1 si-
multaneously reproduce the observed DM relic density
and predict a cross section for scattering on nucleons that
is not far from the current direct detection limit.
These aspects have of course been widely studied, with

refs. [23–26] providing the most recent comprehensive
analyses. We believe it is worthwhile to update the re-
sults presented there, for several reasons.

1. Some [23, 24] were done before the mass of the
Higgs boson was measured by ATLAS and CMS,
and the dependence of the results on m

h

was shown
for only a limited number of Higgs masses.

2. With the exception of ref. [26], these recent studies
were performed prior to the release of updated di-
rect detection constraints by the XENON100 Col-
laboration [27].

3. The predicted direct detection cross section de-
pends on the Higgs-nucleon coupling. Recent re-
sults from lattice studies [28–38] and chiral pertur-
bation theory [39–45] have reduced the theoretical
uncertainty in this quantity.

4. Limits on the invisible width of the Higgs have im-
proved [46] since all of the recent studies of this
model, reducing the allowed parameter space in the
region mS < m

h

/2.

1

These upper limits based on perturbativity in the �hS coupling

are more stringent than the unitarity bounds on the annihilation

cross-section [22].
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FIG. 1: Contours of fixed relic density, labelled in terms of their fraction of the full dark matter density. Dark-shaded lower
regions are ruled out because they produce more than the observed relic density of dark matter. Left : a close-up of the mass
region mS ⇠ mh/2, where annihilations are resonantly enhanced. The region ruled out by the Higgs invisible width at 2� CL is
indicated by the darker-shaded region in the upper left-hand corner. The projected 1� constraint from 300 fb�1 of luminosity
at the 14TeV LHC is shown as the lighter-shaded region, corresponding to a limit of 5% on the Higgs branching fraction to
invisible states [48]. Right : relic density contours for the full range of mS.

mass however, and we find that for
p
s & 300GeV, we

must revert to perturbative expressions for �
h

(
p
s), or

otherwise the Higgs 1-loop self interactions included in
the table of ref. [49] begin to overestimate the width.
Above mS = 150GeV we revert to the tree-level expres-
sions for the decay width, including all SM final states.
The expressions we use can again be found in appendix A.

To accurately determine the relic density for mS in the
vicinity of the resonance at 4m2

S ⇠ m
h

in eq. (4), it is
essential to carry out the actual thermal average [50]

h�vreli =
Z

1

4m2
S

s
p
s� 4m2

S K1(
p
s/T )�vrel

16Tm4
S K

2
2 (mS/T )

ds , (6)

where K1, K2 are modified Bessel functions of the second
kind, and to solve the Boltzmann equation for the relic
abundance [51].

The common approximation of setting the threshold
value of �vrel to the standard value of 1 pb·c fails badly
close to the resonance. This is because the integral in
eq. (6) can be dominated by the resonance at s = m2

h

even if mS is considerably below m
h

/2, possibly increas-
ing h�vreli by orders of magnitude relative to the thresh-
old value. If mS & m

h

/2, the thermal averaging pushes
h�vreli to lower values relative to the naive approxima-
tion. We compute h�vreli as a function of temperature
and solve for the relic abundance numerically, using both
a full numerical integration of the Lee-Weinberg equa-
tion, and a very accurate approximation described in ap-
pendix B. The two methods agree to within less than 1%.

The resulting contours of constant relic density are
shown in the plane of mS and the coupling �

hS in fig. 1.
We display them both over the entire likely range of dark
matter mass values (45 GeV  mS  5TeV), and in the
region mS ⇠ m

h

/2 where annihilation is resonantly en-
hanced. Constraints from the Higgs invisible width are
also plotted in the low-mass region. Below m

h

/2, the
two constraints combine to rule out all but a small trian-
gle in the mS–�hS plane, including masses in the range
52.5�62.5GeV. In the region above m

h

/2, the relic den-
sity constrains the coupling as a function of mass in a
way that can be approximately fit by the dependence
log10 �hS > �3.63 + 1.04 log10(mS/GeV). We plot up to
�
hS ⇠ 8, which is at the (generous) upper limit of where

the theory can be expected to remain perturbative.

4. INDIRECT DETECTION

Annihilation of scalar singlet DM into SM particles of-
fers similar opportunities for indirect detection as with
other WIMP DM candidates [52–56]. The strongest cur-
rent limits come from gamma-ray searches for annihila-
tion in dwarf spheroidal galaxies [57–63] (for a recent
general review see ref. [64]) and impacts of DM annihi-
lation at z ⇠ 600 on the angular power spectrum of the
cosmic microwave background (CMB) [65–73]. At large
WIMP masses, it is expected [74, 75] that CTA will pro-
vide strong constraints.
We calculate limits on the scalar singlet parameter

2

5. The constraints on �
hS from direct detection pre-

sented by refs. [23, 25, 26] and from indirect detec-
tion in ref. [26] were derived without taking into
account the fact that larger values of �

hS suppress
the S relic density, by increasing the annihilation
cross section. This reduces the overall predicted
signal for scattering on nucleons, and annihilation
into SM particles. Because of this e↵ect, the depen-
dence on �

hS of the direct and indirect detection
constraints is significantly di↵erent than one might
have expected, as noted in ref. [24]. We take the
view here that singlet dark matter might provide
only a fraction of the total dark matter density,
which is a logical possibility.

6. In some previous studies (e.g. ref. [24]), the relic
density has not been computed using the full ther-
mal average of the annihilation cross section. It is
necessary to do so when mS is near m

h

/2 in order
to obtain accurate results, because the integral over
DM velocities is sensitive to the degree of overlap
with the resonance in �vrel at centre-of-mass energy
ECM = m

h

. This can change the result by orders
of magnitude in comparison to using the threshold
approximation.

7. So far ref. [26] has been the only comprehensive
study of scalar singlet DM to consider recent in-
direct detection constraints. The most important
of these are gamma-ray constraints from Fermi ob-
servations of dwarf galaxies. Ref. [26] implemented
these limits in an approximate fashion, rescaling
published 95% limits on the cross-sections for an-
nihilation into an incomplete set of SM final states,
and ignoring the SS ! hh channel. Here we cal-
culate constraints self-consistently for the complete
set of branching fractions to SM final states at ev-
ery point of the parameter space, adding further
constraints from the impact of SS annihilation on
the CMB, and providing projected constraints in-
cluding the impact of the Čerenkov Telescope Array
(CTA).

In the following, we outline updated constraints and
projections from the Higgs invisible width (section 2),
the S thermal relic density (section 3), indirect detec-
tion (section 4) and direct detection (section 5). The
relevance of these constraints to some applications of the
model is discussed in section 6. We give conclusions in
section 7.

2. HIGGS INVISIBLE WIDTH

For mS < m
h

/2, the decay h ! SS is kinematically
allowed, and contributes to the invisible width �inv of the
Higgs boson. The LHC constraints on �inv continue to
improve as the properties of the Higgs boson are shown
to be increasingly consistent with SM expectations. Ref.

[46] obtains a limit of 19% for the invisible branching
fraction at 2�, based on a combined fit to all Higgs pro-
duction and decay channels probed by ATLAS, CMS and
the Tevatron.
The contribution to �inv in the scalar singlet dark mat-

ter model is

�inv =
�2
hS
v20

32⇡m
h

�
1� 4m2

S/m
2
h

�1/2
, (3)

(this corrects a factor of 2 error in eq. (3.2) of ref. [47]).
To compute the branching fraction �inv/(�vis + �inv) we
take the visible contribution to the width to be �vis =
4.07MeV for m

h

= 125GeV.
In the left panel of fig. 1, we show the limit imposed on

the scalar singlet parameter space by the invisible width
constraint. For mS < m

h

/2, couplings larger than �
hS ⇠

0.02–0.03 are ruled out. Here we also show the region
of parameter space that is projected to be in more than
1� tension with data if no additional Higgs decays are
detected at the 14TeV LHC after 300 fb�1 of luminosity
has been collected. This corresponds to a limit of 5% on
the invisible Higgs branching fraction [48].

3. RELIC DENSITY

The relic density of singlet dark matter is mostly de-
termined by Higgs-mediated s-channel annihilation into
SM particles. A sub-dominant role is played by annihi-
lation into hh, via the direct 4-boson h2S2 vertex, and
S exchange in the t channel. As discussed in ref. [47],
tree-level calculations for SS annihilation into two-body
final states do not give a very accurate approximation
close to the threshold for producing gauge boson pairs,
as they miss the 3- and 4-body final states from virtual
boson decays, as well as QCD corrections for quarks in
the final state. However, this can be overcome by using
accurate computations of the full Higgs boson width as
a function of invariant mass �(m⇤

h

) from ref. [49], and
factorizing the cross section for annihilation into all SM
particles except h as

�vrel =
2�2

hS
v20p
s

|D
h

(s)|2�
h

(
p
s) , (4)

where

|D
h

(s)|2 ⌘ 1

(s�m2
h

)2 +m2
h

�2
h

(m
h

)
. (5)

For mS < m
h

/2, the width in the propagator D
h

(s) (but
not elsewhere) must be increased by the invisible contri-
bution due to h ! SS. For mS > m

h

, eq. (4) must be
supplemented by the extra contribution from SS ! hh.
The perturbative tree level result for the SS ! hh cross
section is given in appendix A.
The tabulation of �

h

(m⇤

h

) in ref. [49] assumes that m⇤

h

is the true Higgs mass, associated with a self-coupling
� = (m⇤

h

)2/2v20 . Here � ⇡ 0.13 is fixed by the true Higgs

Invisible Higgs width

h
S

S
h → S +S

Γvis=4.07 MeV mh=125 GeV

B(�h!SS) =
�inv

�vis + �inv
< 0.19

LHC

(2σ)
125 GeV/2=62.5 GeV
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FIG. 1: Contours of fixed relic density, labelled in terms of their fraction of the full dark matter density. Dark-shaded lower
regions are ruled out because they produce more than the observed relic density of dark matter. Left : a close-up of the mass
region mS ⇠ mh/2, where annihilations are resonantly enhanced. The region ruled out by the Higgs invisible width at 2� CL is
indicated by the darker-shaded region in the upper left-hand corner. The projected 1� constraint from 300 fb�1 of luminosity
at the 14TeV LHC is shown as the lighter-shaded region, corresponding to a limit of 5% on the Higgs branching fraction to
invisible states [48]. Right : relic density contours for the full range of mS.

mass however, and we find that for
p
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must revert to perturbative expressions for �
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s), or

otherwise the Higgs 1-loop self interactions included in
the table of ref. [49] begin to overestimate the width.
Above mS = 150GeV we revert to the tree-level expres-
sions for the decay width, including all SM final states.
The expressions we use can again be found in appendix A.

To accurately determine the relic density for mS in the
vicinity of the resonance at 4m2

S ⇠ m
h

in eq. (4), it is
essential to carry out the actual thermal average [50]
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s� 4m2

S K1(
p
s/T )�vrel

16Tm4
S K

2
2 (mS/T )

ds , (6)

where K1, K2 are modified Bessel functions of the second
kind, and to solve the Boltzmann equation for the relic
abundance [51].

The common approximation of setting the threshold
value of �vrel to the standard value of 1 pb·c fails badly
close to the resonance. This is because the integral in
eq. (6) can be dominated by the resonance at s = m2

h

even if mS is considerably below m
h

/2, possibly increas-
ing h�vreli by orders of magnitude relative to the thresh-
old value. If mS & m

h

/2, the thermal averaging pushes
h�vreli to lower values relative to the naive approxima-
tion. We compute h�vreli as a function of temperature
and solve for the relic abundance numerically, using both
a full numerical integration of the Lee-Weinberg equa-
tion, and a very accurate approximation described in ap-
pendix B. The two methods agree to within less than 1%.

The resulting contours of constant relic density are
shown in the plane of mS and the coupling �

hS in fig. 1.
We display them both over the entire likely range of dark
matter mass values (45 GeV  mS  5TeV), and in the
region mS ⇠ m

h

/2 where annihilation is resonantly en-
hanced. Constraints from the Higgs invisible width are
also plotted in the low-mass region. Below m

h

/2, the
two constraints combine to rule out all but a small trian-
gle in the mS–�hS plane, including masses in the range
52.5�62.5GeV. In the region above m

h

/2, the relic den-
sity constrains the coupling as a function of mass in a
way that can be approximately fit by the dependence
log10 �hS > �3.63 + 1.04 log10(mS/GeV). We plot up to
�
hS ⇠ 8, which is at the (generous) upper limit of where

the theory can be expected to remain perturbative.

4. INDIRECT DETECTION

Annihilation of scalar singlet DM into SM particles of-
fers similar opportunities for indirect detection as with
other WIMP DM candidates [52–56]. The strongest cur-
rent limits come from gamma-ray searches for annihila-
tion in dwarf spheroidal galaxies [57–63] (for a recent
general review see ref. [64]) and impacts of DM annihi-
lation at z ⇠ 600 on the angular power spectrum of the
cosmic microwave background (CMB) [65–73]. At large
WIMP masses, it is expected [74, 75] that CTA will pro-
vide strong constraints.
We calculate limits on the scalar singlet parameter
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invisible states [48]. Right : relic density contours for the full range of mS.

mass however, and we find that for
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must revert to perturbative expressions for �
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otherwise the Higgs 1-loop self interactions included in
the table of ref. [49] begin to overestimate the width.
Above mS = 150GeV we revert to the tree-level expres-
sions for the decay width, including all SM final states.
The expressions we use can again be found in appendix A.
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where K1, K2 are modified Bessel functions of the second
kind, and to solve the Boltzmann equation for the relic
abundance [51].

The common approximation of setting the threshold
value of �vrel to the standard value of 1 pb·c fails badly
close to the resonance. This is because the integral in
eq. (6) can be dominated by the resonance at s = m2
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even if mS is considerably below m
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/2, possibly increas-
ing h�vreli by orders of magnitude relative to the thresh-
old value. If mS & m
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/2, the thermal averaging pushes
h�vreli to lower values relative to the naive approxima-
tion. We compute h�vreli as a function of temperature
and solve for the relic abundance numerically, using both
a full numerical integration of the Lee-Weinberg equa-
tion, and a very accurate approximation described in ap-
pendix B. The two methods agree to within less than 1%.

The resulting contours of constant relic density are
shown in the plane of mS and the coupling �

hS in fig. 1.
We display them both over the entire likely range of dark
matter mass values (45 GeV  mS  5TeV), and in the
region mS ⇠ m

h

/2 where annihilation is resonantly en-
hanced. Constraints from the Higgs invisible width are
also plotted in the low-mass region. Below m

h

/2, the
two constraints combine to rule out all but a small trian-
gle in the mS–�hS plane, including masses in the range
52.5�62.5GeV. In the region above m

h

/2, the relic den-
sity constrains the coupling as a function of mass in a
way that can be approximately fit by the dependence
log10 �hS > �3.63 + 1.04 log10(mS/GeV). We plot up to
�
hS ⇠ 8, which is at the (generous) upper limit of where

the theory can be expected to remain perturbative.

4. INDIRECT DETECTION

Annihilation of scalar singlet DM into SM particles of-
fers similar opportunities for indirect detection as with
other WIMP DM candidates [52–56]. The strongest cur-
rent limits come from gamma-ray searches for annihila-
tion in dwarf spheroidal galaxies [57–63] (for a recent
general review see ref. [64]) and impacts of DM annihi-
lation at z ⇠ 600 on the angular power spectrum of the
cosmic microwave background (CMB) [65–73]. At large
WIMP masses, it is expected [74, 75] that CTA will pro-
vide strong constraints.
We calculate limits on the scalar singlet parameter
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FIG. 3: Limits on scalar singlet dark matter from indirect searches for dark matter annihilation. The lowermost shaded region
is ruled out because these models exceed the observed relic density. Regions below the other curves are in tension with indirect
searches, or will be in the future: at more than 1� according to current data from Fermi dwarf galaxy observations and WMAP
7-year CMB data (solid), at �90% CL (dashes) and � 1� CL (dots) with CTA, Planck polarization data and future Fermi
observations. The area ruled out by the Higgs invisible width at 2� CL is indicated by the shaded region in the upper left-hand
corner of both plots. Left : a close-up of the resonant annihilation region. Right : the full mass range. Note that we adopt the
relic density as in fig. 1 when calculating limits.

(which were partially based on earlier results in refs.
[70, 71]), using tables of the e↵ective fraction fe↵ of the
DM rest mass injected as additional energy into the pri-
mordial gas. We interpolate fe↵ linearly in logmS, then
use the calculated values of r

i

and h�vi0 for each combi-
nation of mS and �

hS to obtain the final likelihood. We
extend the fe↵ tables of ref. [72] in order to accommo-
date S masses up to 5TeV (see appendix C for high-mass
fe↵ data). For calculating current constraints, we employ
the WMAP 7-year likelihood function [77]. For projected
constraints we use the Planck predictions, which assume
polarization data to be available. Note that although first
Planck TT power spectrum results are available, includ-
ing limits on DM annihilation [78], these are weaker than
projected Planck sensitivities when polarization data is
included, and existing WMAP limits.

4.2. Fermi dwarf likelihood

The non-observation of gamma-ray emission from
dwarf spheroidal galaxies by Fermi can be used to put
strong constraints on the annihilation cross-section of
dark matter particles [61–63]. We calculate the corre-
sponding Fermi dwarf likelihood function Ldwarfs based
on the results from ref. [61], where limits on the inte-
grated dark matter signal flux with energies from 1 to
100GeV were presented. An alternative treatment with
a finer energy binning can be found in ref. [63].

From a region �⌦ towards a dwarf spheroidal, one
expects a di↵erential flux of dark matter signal photons
that is given by

d�

dE
=

h�vreli
8⇡m2

S

dN
�

dE

Z

�⌦

d⌦

Z

l.o.s.

ds⇢2

| {z }
⌘J

. (8)

Here, dN
�

/dE denotes the energy distribution of photons
produced per annihilation, and

R
ds is a line-of-sight in-

tegral. The dwarf spheroidals mainly di↵er in their dark
matter density distribution ⇢ and their distance from the
Sun, such that the J factor has to be determined for each
dwarf individually. On the other hand, the prefactor is
universal.
In ref. [61], the authors analyzed the gamma-ray flux

from seven dwarf spheroidals. They determined the prob-
ability mass function of the background events in their
signal regions empirically by sub-sampling nearby re-
gions, and found good agreement with Poisson noise.
The J factors of the individual dwarfs were adopted
from ref. [62], and used to define optimized com-
bined confidence belts that weigh the contribution from
each dwarf according to the probability that observed
events belong to the background. This procedure leads
to a combined upper limit on the quantity �PP ⌘
J�1

R 100GeV

1
dE d�/dE. At 95%CL, it reads �PP 

5.0+4.3
�4.5⇥10�30 cm3 s�1 GeV�2. The indicated errors cor-

respond to uncertainties in the J values, which were not
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FIG. 3: Limits on scalar singlet dark matter from indirect searches for dark matter annihilation. The lowermost shaded region
is ruled out because these models exceed the observed relic density. Regions below the other curves are in tension with indirect
searches, or will be in the future: at more than 1� according to current data from Fermi dwarf galaxy observations and WMAP
7-year CMB data (solid), at �90% CL (dashes) and � 1� CL (dots) with CTA, Planck polarization data and future Fermi
observations. The area ruled out by the Higgs invisible width at 2� CL is indicated by the shaded region in the upper left-hand
corner of both plots. Left : a close-up of the resonant annihilation region. Right : the full mass range. Note that we adopt the
relic density as in fig. 1 when calculating limits.

(which were partially based on earlier results in refs.
[70, 71]), using tables of the e↵ective fraction fe↵ of the
DM rest mass injected as additional energy into the pri-
mordial gas. We interpolate fe↵ linearly in logmS, then
use the calculated values of r

i

and h�vi0 for each combi-
nation of mS and �

hS to obtain the final likelihood. We
extend the fe↵ tables of ref. [72] in order to accommo-
date S masses up to 5TeV (see appendix C for high-mass
fe↵ data). For calculating current constraints, we employ
the WMAP 7-year likelihood function [77]. For projected
constraints we use the Planck predictions, which assume
polarization data to be available. Note that although first
Planck TT power spectrum results are available, includ-
ing limits on DM annihilation [78], these are weaker than
projected Planck sensitivities when polarization data is
included, and existing WMAP limits.

4.2. Fermi dwarf likelihood

The non-observation of gamma-ray emission from
dwarf spheroidal galaxies by Fermi can be used to put
strong constraints on the annihilation cross-section of
dark matter particles [61–63]. We calculate the corre-
sponding Fermi dwarf likelihood function Ldwarfs based
on the results from ref. [61], where limits on the inte-
grated dark matter signal flux with energies from 1 to
100GeV were presented. An alternative treatment with
a finer energy binning can be found in ref. [63].

From a region �⌦ towards a dwarf spheroidal, one
expects a di↵erential flux of dark matter signal photons
that is given by
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. (8)

Here, dN
�

/dE denotes the energy distribution of photons
produced per annihilation, and

R
ds is a line-of-sight in-

tegral. The dwarf spheroidals mainly di↵er in their dark
matter density distribution ⇢ and their distance from the
Sun, such that the J factor has to be determined for each
dwarf individually. On the other hand, the prefactor is
universal.
In ref. [61], the authors analyzed the gamma-ray flux

from seven dwarf spheroidals. They determined the prob-
ability mass function of the background events in their
signal regions empirically by sub-sampling nearby re-
gions, and found good agreement with Poisson noise.
The J factors of the individual dwarfs were adopted
from ref. [62], and used to define optimized com-
bined confidence belts that weigh the contribution from
each dwarf according to the probability that observed
events belong to the background. This procedure leads
to a combined upper limit on the quantity �PP ⌘
J�1

R 100GeV

1
dE d�/dE. At 95%CL, it reads �PP 
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�4.5⇥10�30 cm3 s�1 GeV�2. The indicated errors cor-

respond to uncertainties in the J values, which were not
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Left : a close-up of the resonant annihilation region, with the area ruled out by the Higgs invisible width at 2� CL is indicated
by the shaded region in the upper left-hand corner. Right : the full mass range.

is exactly inverse to �SI.6 According to this argument,
the direct detection sensitivity would be independent of
�
hS and only scale inversely withmS due to the DM num-

ber density going as 1/m
S

. However this is not exactly
right because the DM relic density has an additional weak
logarithmic dependence on h�vreli through the freezeout
temperature, leading to the relation (see eqs. (B7,B8),

6

There is some additional dependence upon �hS in the annihila-

tion cross section for SS ! hh, but this is very weak at large

mS .

with the approximation A
f

⇠= x
f

Z
f

)

frel⇠(x
f

A
f

)�1⇠ ln(cmSh�vreli)
mSh�vreli ⇠(mSh�vreli)�1+✏ ,

(25)
for some constant c and a small fractional power ✏, which
we find to be ✏ ⇠= 0.05. Taylor-expanding the last expres-
sion in ✏ produces the log in the numerator.
The shape of the exclusion contours in the mS-�hS

plane of course carries over into a similar shape in the
mS-�SI plane, which is the more customary one for direct
detection constraints. We nevertheless replot them in
this form in fig. 7, to emphasize that they look very dif-
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curve takes brief downturns before recovering once the
threshold is passed.

5. DIRECT DETECTION

We begin our discussion of the limits from direct
searches with a fresh analysis of the complementary de-
terminations of the Higgs-nucleon coupling, which enters
in the cross section for singlet dark matter scattering on
nuclei. Thanks to vigorous activity within the lattice
and the theoretical communities, this coupling seems to
be better determined now than it was just a few years
ago. For further historical details and impacts of nu-
clear uncertainties on dark matter direct detection see
refs. [82–84].

5.1. Higgs-nucleon coupling

In the past one of the largest uncertainties in the anal-
ysis of singlet DM couplings to nucleons has been the
Higgs-nucleon coupling: f

N

m
N

/v0, which depends upon
the quark content of the nucleon for each quark flavour.
Here m

N

= 0.946GeV is the nucleon mass (we ignore the
small di↵erences between neutrons and protons here). In
general f

N

can be expressed in the form

f
N

=
X

q

f
q

=
X

q

m
q

m
N

hN |q̄q|Ni, (10)

where the sum is over all quark flavours. The contribu-
tions from heavy quarks q = c, b, t can be expressed in
terms of the light ones

X

q=c,b,t

f
q

=
2

9

0

@1�
X

q=u,d,s

f
q

1

A , (11)

by the following argument [85]. First, by equating the
trace of the stress energy tensor at low and high scales,

m
N

N̄N =
X

q

m
q

q̄q � (7↵
s

/8⇡)G
µ⌫

Gµ⌫ , (12)

and taking the nucleon matrix element, one gets the re-
lation

m
N

= m
N

X

q

f
q

+
21

2
A , (13)

with

A ⌘ � 1

12⇡
hN |G

µ⌫

Gµ⌫ |Ni . (14)

Second, hN |q̄q|Ni for the heavy quarks comes from the
triangle diagram that generates the hG

µ⌫

Gµ⌫ coupling.
Therefore the heavy-quark f

q

values are related to A
through f

q

= A/m
N

for q = c, b, t. Eliminating A from

these equations leads to the claimed relation between the
heavy and light quark f

q

values. From the above argu-
ment, the overall coupling is

f
N

=
2

9
+

7

9

X

q=u,d,s

f
q

. (15)

The contributions from u, d and s are related to the
light quark matrix element �

l

(which is related to the
pion-nucleon isoscalar amplitude ⌃

⇡N, see e.g. ref. [35]):

�
l

= m
l

hN |ūu+ d̄d|Ni, (16)

wherem
l

⌘ 1
2 (mu

+m
d

), and the non-singlet combination

�0 = m
l

hN |ūu+ d̄d� 2s̄s|Ni , (17)

and the fairly well known isospin breaking ratio5

z =
hN |ūu� s̄s|Ni
hN |d̄d� s̄s|Ni ⇡ 1.49 . (18)

In principle these relations su�ce to determine all light
quark f

q

values. Indeed, if we further define the
strangeness content through the ratio

y =
2hN |s̄s|Ni

hN |ūu+ d̄d|Ni = 1� �0

�
l

, (19)

we can solve

f
u

=
m

u

m
u

+m
d

�
l

m
N

2z + y(1� z)

1 + z
,

f
d

=
m

d

m
u

+m
d

�
l

m
N

2� y(1� z)

1 + z
, (20)

f
s

=
mS

m
u

+m
d

�
l

m
N

y .

The quantities �
l

and �0 have been evaluated by chi-
ral perturbation theory (ChPT), pion-nucleon scattering
and lattice simulations, with some scatter in the results.
For a long time the canonical ChPT value of �0 was
�0 ⇡ 35±7MeV [39–41], but a recent computation found
�0 ⇡ 58± 9MeV [42]. Similarly, for �

l

the older pertur-
bation theory result was �

l

⇡ 45MeV, whereas ref. [43]
found �

l

= 59± 7MeV. The new result is in good agree-
ment with partial wave analysis of pion-nucleon scatter-
ing (�

l

= 64±8MeV [44]), and in particular with a recent
lattice evaluation (�

l

= 58± 9MeV [38]). Depending on
which of these sets one accepts, there is a wide range of
possible strangeness contents of the nucleon. Fortunately,
there also exist many recent, direct lattice evaluations of
the strangeness matrix element:

�
s

= m
N

hN |s̄s|Ni , (21)

5

This corrects a typo in the definition of z given in ref. [23].

8

using 2+1 dynamical quark flavours [28–38]. For a recent
review see ref. [35]. Although there still is some scatter
also in these results, all evaluations agree that �

s

is quite
small. Based on a subset of more constraining studies
ref. [45] reported a world average of �

s

= 43 ± 8MeV.
However, ref. [35] arrived to a looser result �

s

= 40 ±
30MeV by including also less constraining results in the
analysis. (The di↵erence between di↵erent sets may be
associated with taking the correct continuum limit.)

We have made a statistical analysis of what f
N

might
be in light of these constraints on the nucleon matrix el-
ements. We choose to use the isospin breaking ratio z
(eq. 18) and the lattice determinations for �

l

and �
s

as
inputs. We chose �

l

because there is a consensus on its
value when evaluated three di↵erent ways, and �

s

be-
cause lattice simulations agree in the prediction that it is
small. To be precise, we shall use a fixed value for isospin
breaking z = 1.49 and �

l

= 58 ± 9MeV with a Gaus-
sian distribution. For �

s

we explore two possibilities:
either �

s

= 43 ± 8MeV with a Gaussian distribution or
�
s

< 70MeV with a top-hat distribution. In addition we
allow the light quark masses to be Gaussian distributed
with m

q

= m
q,0 ± �m

q

with �m
q

⌘ 1
2 (�mq+ + �m

q�

)
where [45]

m
u,0 = 2.5 �m

u,+ = 0.6 �m
u,�

= 0.8

m
d,0 = 5 �m

d,+ = 0.7 �m
d,�

= 0.9 (22)

m
s,0 = 100 �m

s,+ = 30 �m
s,�

= 20 .

Here all units are in MeV. Finally, the nucleon mass is
m

N

= (m
n

+m
p

)/2 = 938.95MeV.

With these inputs we generate 107 random realiza-
tions, from which we construct the distributions for the
strangeness content y, the matrix element �0 and finally
f
N

. Results are displayed in fig. 5. Note that �0 distribu-
tion is a prediction here. It is satisfying to see that it does
not depend much on the strangeness input and that the
distribution (�0 = 55± 9 MeV) agrees very well with the
recent ChPT calculation [42]. This lends support to the
self-consistency of our analysis. The strangeness content
y mostly reflects the input choices: because the top-hat
choice assumes only an upper bound for the strangeness
matrix element, y is only restricted from above. This
upper bound is almost the same as the upper bound in
the Gaussian case, which is not consistent with y = 0.
However, what interests us is that both strangeness in-
put choices give comparable, almost Gaussian distribu-
tions for the Higgs-nucleon coupling. In the top-hat case
we find f

N

= 0.341 ± 0.021 and in the Gaussian case
f
N

= 0.348± 0.015. All uncertainties quoted are formal
1-sigma (68.3% CL) limits.

Thus the error in the determination of f
N

is quite a
lot smaller than one might believe; less than 10 per cent
according to our analysis. Taking the mean value of the
two di↵erent strangeness input choices, we will use f

N

=
0.345 in our analysis.

5.2. Direct detection limits

The cross section for spin-independent scattering of
singlet DM on nucleons is given by

�SI =
�2
hS
f2
N

4⇡

µ2m2
n

m4
h

m2
s

, (23)

where µ = m
n

mS/(mn

+mS) is the DM-nucleon reduced
mass. The current best limit on �SI comes from the
XENON100 experiment [27]. In our analysis we allow for
the singlet to provide a fraction of the total dark matter,
as indicated by the contours in fig. 1. We thus apply the
90% C.L. limits of ref. [27], appropriately weighted by
the fraction of dark matter in the singlet component.
In the standard analysis where only a single compo-

nent of DM with the full relic density is assumed, the
di↵erential rate of detection dR/dE is proportional to
(⇢

�

/mDM)�SI, where ⇢
�

is the local DM mass density.
Thus the appropriate rescaling of the limiting value of
�SI is by the fraction frel = ⌦S/⌦DM of energy density
contributed by S to the total DM density. We assume
that there is no di↵erence in the clustering properties of
the singlet component and the dominant component, so
that the local energy density of S is frel ⇢�. We therefore
demand for every value of {�

hS,mS} that

�e↵ ⌘ frel �SI  �Xe , (24)

where �Xe is the 90% CL limit from XENON100.
The resulting constraints in the mS–�hS plane are

shown in fig. 6, as well as projections for how these limits
will improve in future xenon-based experiments, assum-
ing that the sensitivity as a function of mass scales rela-
tive to that of XENON100 simply by the exposure. The
contours showing improvements in the current sensitiv-
ity by a factor of 5 or 20 will be relevant in the coming
year as LUX expects to achieve such values [86, 87], while
XENON1T projects a factor of 100 improvement [88, 89]
within two years. The left panel of Fig. 6 focuses on
the resonant annihilation region mS ⇠ m

h

/2, showing
that a small triangle of parameter space will continue to
be allowed for mS between m

h

/2 and ⇠58GeV. Values
below 53GeV are already robustly excluded, making it
highly unlikely that singlet dark matter can explain var-
ious hints of direct detection that have been seen at low
masses ⇠10GeV [90, 91].
On the high-mass side, the right panel of fig. 6 im-

plies that most of the relevant remaining parameter space
will be ruled out in the next few years. In particular,
XENON1T will be able to exclude masses up to 7 TeV,
for which the coupling must be rather large, �

hS > 2.4,
leaving little theoretical room for this model if it is not
discovered.
Naively, one might expect the contours of direct detec-

tion sensitivity in the high-mS regions to be exactly ver-
tical in fig. 6 rather than being slightly inclined. This is
because fe↵ ⇠ h�vreli�1 ⇠ (mS/�hS)2 in eq. (24), which

In the figure, limits from 
XENON experiments
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FIG. 1: Contours of fixed relic density, labelled in terms of their fraction of the full dark matter density. Dark-shaded lower
regions are ruled out because they produce more than the observed relic density of dark matter. Left : a close-up of the mass
region mS ⇠ mh/2, where annihilations are resonantly enhanced. The region ruled out by the Higgs invisible width at 2� CL is
indicated by the darker-shaded region in the upper left-hand corner. The projected 1� constraint from 300 fb�1 of luminosity
at the 14TeV LHC is shown as the lighter-shaded region, corresponding to a limit of 5% on the Higgs branching fraction to
invisible states [48]. Right : relic density contours for the full range of mS.

mass however, and we find that for
p
s & 300GeV, we

must revert to perturbative expressions for �
h

(
p
s), or

otherwise the Higgs 1-loop self interactions included in
the table of ref. [49] begin to overestimate the width.
Above mS = 150GeV we revert to the tree-level expres-
sions for the decay width, including all SM final states.
The expressions we use can again be found in appendix A.

To accurately determine the relic density for mS in the
vicinity of the resonance at 4m2

S ⇠ m
h

in eq. (4), it is
essential to carry out the actual thermal average [50]

h�vreli =
Z

1

4m2
S

s
p
s� 4m2

S K1(
p
s/T )�vrel

16Tm4
S K

2
2 (mS/T )

ds , (6)

where K1, K2 are modified Bessel functions of the second
kind, and to solve the Boltzmann equation for the relic
abundance [51].

The common approximation of setting the threshold
value of �vrel to the standard value of 1 pb·c fails badly
close to the resonance. This is because the integral in
eq. (6) can be dominated by the resonance at s = m2

h

even if mS is considerably below m
h

/2, possibly increas-
ing h�vreli by orders of magnitude relative to the thresh-
old value. If mS & m

h

/2, the thermal averaging pushes
h�vreli to lower values relative to the naive approxima-
tion. We compute h�vreli as a function of temperature
and solve for the relic abundance numerically, using both
a full numerical integration of the Lee-Weinberg equa-
tion, and a very accurate approximation described in ap-
pendix B. The two methods agree to within less than 1%.

The resulting contours of constant relic density are
shown in the plane of mS and the coupling �

hS in fig. 1.
We display them both over the entire likely range of dark
matter mass values (45 GeV  mS  5TeV), and in the
region mS ⇠ m

h

/2 where annihilation is resonantly en-
hanced. Constraints from the Higgs invisible width are
also plotted in the low-mass region. Below m

h

/2, the
two constraints combine to rule out all but a small trian-
gle in the mS–�hS plane, including masses in the range
52.5�62.5GeV. In the region above m

h

/2, the relic den-
sity constrains the coupling as a function of mass in a
way that can be approximately fit by the dependence
log10 �hS > �3.63 + 1.04 log10(mS/GeV). We plot up to
�
hS ⇠ 8, which is at the (generous) upper limit of where

the theory can be expected to remain perturbative.

4. INDIRECT DETECTION

Annihilation of scalar singlet DM into SM particles of-
fers similar opportunities for indirect detection as with
other WIMP DM candidates [52–56]. The strongest cur-
rent limits come from gamma-ray searches for annihila-
tion in dwarf spheroidal galaxies [57–63] (for a recent
general review see ref. [64]) and impacts of DM annihi-
lation at z ⇠ 600 on the angular power spectrum of the
cosmic microwave background (CMB) [65–73]. At large
WIMP masses, it is expected [74, 75] that CTA will pro-
vide strong constraints.
We calculate limits on the scalar singlet parameter

Heavier masses

Cosmic density
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FIG. 3: Limits on scalar singlet dark matter from indirect searches for dark matter annihilation. The lowermost shaded region
is ruled out because these models exceed the observed relic density. Regions below the other curves are in tension with indirect
searches, or will be in the future: at more than 1� according to current data from Fermi dwarf galaxy observations and WMAP
7-year CMB data (solid), at �90% CL (dashes) and � 1� CL (dots) with CTA, Planck polarization data and future Fermi
observations. The area ruled out by the Higgs invisible width at 2� CL is indicated by the shaded region in the upper left-hand
corner of both plots. Left : a close-up of the resonant annihilation region. Right : the full mass range. Note that we adopt the
relic density as in fig. 1 when calculating limits.

(which were partially based on earlier results in refs.
[70, 71]), using tables of the e↵ective fraction fe↵ of the
DM rest mass injected as additional energy into the pri-
mordial gas. We interpolate fe↵ linearly in logmS, then
use the calculated values of r

i

and h�vi0 for each combi-
nation of mS and �

hS to obtain the final likelihood. We
extend the fe↵ tables of ref. [72] in order to accommo-
date S masses up to 5TeV (see appendix C for high-mass
fe↵ data). For calculating current constraints, we employ
the WMAP 7-year likelihood function [77]. For projected
constraints we use the Planck predictions, which assume
polarization data to be available. Note that although first
Planck TT power spectrum results are available, includ-
ing limits on DM annihilation [78], these are weaker than
projected Planck sensitivities when polarization data is
included, and existing WMAP limits.

4.2. Fermi dwarf likelihood

The non-observation of gamma-ray emission from
dwarf spheroidal galaxies by Fermi can be used to put
strong constraints on the annihilation cross-section of
dark matter particles [61–63]. We calculate the corre-
sponding Fermi dwarf likelihood function Ldwarfs based
on the results from ref. [61], where limits on the inte-
grated dark matter signal flux with energies from 1 to
100GeV were presented. An alternative treatment with
a finer energy binning can be found in ref. [63].

From a region �⌦ towards a dwarf spheroidal, one
expects a di↵erential flux of dark matter signal photons
that is given by

d�

dE
=

h�vreli
8⇡m2

S

dN
�

dE

Z

�⌦

d⌦

Z

l.o.s.

ds⇢2

| {z }
⌘J

. (8)

Here, dN
�

/dE denotes the energy distribution of photons
produced per annihilation, and

R
ds is a line-of-sight in-

tegral. The dwarf spheroidals mainly di↵er in their dark
matter density distribution ⇢ and their distance from the
Sun, such that the J factor has to be determined for each
dwarf individually. On the other hand, the prefactor is
universal.
In ref. [61], the authors analyzed the gamma-ray flux

from seven dwarf spheroidals. They determined the prob-
ability mass function of the background events in their
signal regions empirically by sub-sampling nearby re-
gions, and found good agreement with Poisson noise.
The J factors of the individual dwarfs were adopted
from ref. [62], and used to define optimized com-
bined confidence belts that weigh the contribution from
each dwarf according to the probability that observed
events belong to the background. This procedure leads
to a combined upper limit on the quantity �PP ⌘
J�1

R 100GeV

1
dE d�/dE. At 95%CL, it reads �PP 

5.0+4.3
�4.5⇥10�30 cm3 s�1 GeV�2. The indicated errors cor-

respond to uncertainties in the J values, which were not
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FIG. 5: Predicted distributions (in arbitrary units) of the strangeness content y of the nucleon (left), the nucleon matrix
element �
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(centre) and the Higgs-nucleon coupling factor fN (right). These are drawn from a random sample generated using
experimental and theoretical constraints, as explained in the text.
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FIG. 6: Limits from direct detection on the parameter space of scalar singlet dark matter. The areas excluded by present limits
from XENON100 are delineated with near-vertical solid lines and dark shading (not to be confused with the diagonal solid line
and corresponding dark shading indicating the relic density bound). Dashed, dotted and dot-dash lines indicate the areas that
will be probed by future direct detection experiments, assuming 5 times the sensitivity of XENON100 (dashes, medium-dark
shading), 20 times (dot-dash line, medium-light shading) and 100 times, corresponding to XENON 1-ton (dots, light shading).
Left : a close-up of the resonant annihilation region, with the area ruled out by the Higgs invisible width at 2� CL is indicated
by the shaded region in the upper left-hand corner. Right : the full mass range.

is exactly inverse to �SI.6 According to this argument,
the direct detection sensitivity would be independent of
�
hS and only scale inversely withmS due to the DM num-

ber density going as 1/m
S

. However this is not exactly
right because the DM relic density has an additional weak
logarithmic dependence on h�vreli through the freezeout
temperature, leading to the relation (see eqs. (B7,B8),

6

There is some additional dependence upon �hS in the annihila-

tion cross section for SS ! hh, but this is very weak at large

mS .

with the approximation A
f

⇠= x
f

Z
f

)

frel⇠(x
f

A
f

)�1⇠ ln(cmSh�vreli)
mSh�vreli ⇠(mSh�vreli)�1+✏ ,

(25)
for some constant c and a small fractional power ✏, which
we find to be ✏ ⇠= 0.05. Taylor-expanding the last expres-
sion in ✏ produces the log in the numerator.
The shape of the exclusion contours in the mS-�hS

plane of course carries over into a similar shape in the
mS-�SI plane, which is the more customary one for direct
detection constraints. We nevertheless replot them in
this form in fig. 7, to emphasize that they look very dif-
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Supersymmetry

A supersymmetric transformation Q turns a 
bosonic state into a fermionic state, and viceversa.

A supersymmetric theory is invariant under supersymmetry transformations

- bosons and fermions come in pairs of equal mass 
- the interactions of bosons and fermions are related

Q|Bosoni = |Fermioni
Q|Fermioni = |Bosoni

{Q↵, Q
†
↵̇} = Pµ�

µ
↵↵̇, {Q↵, Q�} = {Q†

↵̇, Q
†
�̇
} = 0, [Pµ, Q↵] = [Pµ, Q†

↵̇] = 0
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⇤
R] + q2AµAµẽ
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RẽR

+
1

2
�i�µ@µ��

p
2q

�
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⇤
L] + q2AµAµẽ
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L = �1

4
Fµ⌫F

µ⌫ + ei�µ@µe�mee� qe�µeAµ
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Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (!uL !dL) (uL dL) ( 3, 2 , 1
6)

(×3 families) u !u∗R u†R ( 3, 1, −2
3)

d !d∗R d†R ( 3, 1, 1
3)

sleptons, leptons L (!ν !eL) (ν eL) ( 1, 2 , −1
2)

(×3 families) e !e∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) ( !H+
u

!H0
u) ( 1, 2 , +1

2)

Hd (H0
d H−

d ) ( !H0
d
!H−
d ) ( 1, 2 , −1

2)

Table 1.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin-0 fields
are complex scalars, and the spin-1/2 fields are left-handed two-component Weyl fermions.

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon !g g ( 8, 1 , 0)

winos, W bosons "W± "W 0 W± W 0 ( 1, 3 , 0)

bino, B boson !B0 B0 ( 1, 1 , 0)

Table 1.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

There are three families for each of the quark and lepton supermultiplets, Table 1.1 lists the first-family
representatives. A family index i = 1, 2, 3 can be affixed to the chiral supermultiplet names (Qi, ui, . . .)
when needed, for example (e1, e2, e3) = (e, µ, τ). The bar on u, d, e fields is part of the name, and does
not denote any kind of conjugation.

The Higgs chiral supermultiplet Hd (containing H0
d , H

−
d , !H0

d ,
!H−
d ) has exactly the same Standard

Model gauge quantum numbers as the left-handed sleptons and leptons Li, for example (!ν, !eL, ν,
eL). Naively, one might therefore suppose that we could have been more economical in our assignment
by taking a neutrino and a Higgs scalar to be superpartners, instead of putting them in separate
supermultiplets. This would amount to the proposal that the Higgs boson and a sneutrino should be the
same particle. This attempt played a key role in some of the first attempts to connect supersymmetry to
phenomenology [6], but it is now known to not work. Even ignoring the anomaly cancellation problem
mentioned above, many insoluble phenomenological problems would result, including lepton-number
non-conservation and a mass for at least one of the neutrinos in gross violation of experimental bounds.
Therefore, all of the superpartners of Standard Model particles are really new particles, and cannot be
identified with some other Standard Model state.

The vector bosons of the Standard Model clearly must reside in gauge supermultiplets. Their
fermionic superpartners are generically referred to as gauginos. The SU(3)C color gauge interactions
of QCD are mediated by the gluon, whose spin-1/2 color-octet supersymmetric partner is the gluino. As
usual, a tilde is used to denote the supersymmetric partner of a Standard Model state, so the symbols
for the gluon and gluino are g and !g respectively. The electroweak gauge symmetry SU(2)L×U(1)Y is
associated with spin-1 gauge bosons W+,W 0,W− and B0, with spin-1/2 superpartners "W+,"W 0,"W−

and !B0, called winos and bino. After electroweak symmetry breaking, the W 0, B0 gauge eigenstates
mix to give mass eigenstates Z0 and γ. The corresponding gaugino mixtures of "W 0 and !B0 are called
zino ( !Z0) and photino (!γ); if supersymmetry were unbroken, they would be mass eigenstates with
masses mZ and 0. Table 1.2 summarizes the gauge supermultiplets of a minimal supersymmetric

9

Names spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

squarks, quarks Q (!uL !dL) (uL dL) ( 3, 2 , 1
6)

(×3 families) u !u∗R u†R ( 3, 1, −2
3)

d !d∗R d†R ( 3, 1, 1
3)

sleptons, leptons L (!ν !eL) (ν eL) ( 1, 2 , −1
2)

(×3 families) e !e∗R e†R ( 1, 1, 1)

Higgs, higgsinos Hu (H+
u H0

u) ( !H+
u

!H0
u) ( 1, 2 , +1

2)

Hd (H0
d H−

d ) ( !H0
d
!H−
d ) ( 1, 2 , −1

2)

Table 1.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin-0 fields
are complex scalars, and the spin-1/2 fields are left-handed two-component Weyl fermions.

Names spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

gluino, gluon !g g ( 8, 1 , 0)

winos, W bosons "W± "W 0 W± W 0 ( 1, 3 , 0)

bino, B boson !B0 B0 ( 1, 1 , 0)

Table 1.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

There are three families for each of the quark and lepton supermultiplets, Table 1.1 lists the first-family
representatives. A family index i = 1, 2, 3 can be affixed to the chiral supermultiplet names (Qi, ui, . . .)
when needed, for example (e1, e2, e3) = (e, µ, τ). The bar on u, d, e fields is part of the name, and does
not denote any kind of conjugation.

The Higgs chiral supermultiplet Hd (containing H0
d , H

−
d , !H0

d ,
!H−
d ) has exactly the same Standard

Model gauge quantum numbers as the left-handed sleptons and leptons Li, for example (!ν, !eL, ν,
eL). Naively, one might therefore suppose that we could have been more economical in our assignment
by taking a neutrino and a Higgs scalar to be superpartners, instead of putting them in separate
supermultiplets. This would amount to the proposal that the Higgs boson and a sneutrino should be the
same particle. This attempt played a key role in some of the first attempts to connect supersymmetry to
phenomenology [6], but it is now known to not work. Even ignoring the anomaly cancellation problem
mentioned above, many insoluble phenomenological problems would result, including lepton-number
non-conservation and a mass for at least one of the neutrinos in gross violation of experimental bounds.
Therefore, all of the superpartners of Standard Model particles are really new particles, and cannot be
identified with some other Standard Model state.

The vector bosons of the Standard Model clearly must reside in gauge supermultiplets. Their
fermionic superpartners are generically referred to as gauginos. The SU(3)C color gauge interactions
of QCD are mediated by the gluon, whose spin-1/2 color-octet supersymmetric partner is the gluino. As
usual, a tilde is used to denote the supersymmetric partner of a Standard Model state, so the symbols
for the gluon and gluino are g and !g respectively. The electroweak gauge symmetry SU(2)L×U(1)Y is
associated with spin-1 gauge bosons W+,W 0,W− and B0, with spin-1/2 superpartners "W+,"W 0,"W−

and !B0, called winos and bino. After electroweak symmetry breaking, the W 0, B0 gauge eigenstates
mix to give mass eigenstates Z0 and γ. The corresponding gaugino mixtures of "W 0 and !B0 are called
zino ( !Z0) and photino (!γ); if supersymmetry were unbroken, they would be mass eigenstates with
masses mZ and 0. Table 1.2 summarizes the gauge supermultiplets of a minimal supersymmetric

9



Minimal Supersymmetric Standard Model

JC
A

P
07(2004)008
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named DarkSUSY, has now reached a high level of sophistication and maturity, and we
have released it publicly for the benefit of the scientific community working with problems
related to dark matter. This paper describes the basic structure and the underlying
physical and astrophysical formulae contained in DarkSUSY, as well as examples of its
use. The version of the package described in this paper is DarkSUSY 4.1.

For download of the latest version of DarkSUSY and for a more technical manual,
please visit the official DarkSUSY website, http://www.physto.se/∼edsjo/darksusy/.

2. Definition of the supersymmetric model

We work in the framework of the minimal supersymmetric extension of the standard model
defined by, besides the particle content and gauge couplings required by supersymmetry,
the superpotential (the notation used is that of [9] which marked the beginning of the
development of DarkSUSY, and is similar to [10])

W = ϵij(−ê∗
RYE l̂iLĤj

1 − d̂∗
RYDq̂i

LĤj
1 + û∗

RYU q̂i
LĤj

2 − µĤ i
1Ĥ

j
2) (1)

and the soft supersymmetry-breaking potential

Vsoft = ϵij(−ẽ∗
RAEYE l̃iLHj

1 − d̃∗
RADYDq̃i

LHj
1 + ũ∗

RAUYU q̃i
LHj

2 − BµH i
1H

j
2 + h.c.)

+ H i∗
1 m2

1H
i
1 + H i∗

2 m2
2H

i
2 + q̃i∗

L M2
Qq̃i

L + l̃i∗L M2
Ll̃

i
L + ũ∗

RM2
U ũR + d̃∗

RM2
Dd̃R

+ ẽ∗
RM2

E ẽR + 1
2M1B̃B̃ + 1

2M2(W̃
3W̃ 3 + 2W̃+W̃−) + 1

2M3g̃g̃. (2)

We give these and the following expressions since they contain our sign conventions. It
should be noted that various authors use various sign conventions, and many errors,
often difficult to find, can be avoided by keeping careful track of the signs, as we have
tried to do consistently in DarkSUSY. Here i and j are SU(2) indices (ϵ12 = +1). The
Yukawa couplings Y, the soft trilinear couplings A and the soft sfermion masses M are
3 × 3 matrices in generation space. ê, l̂, û, d̂ and q̂ are the superfields of the leptons
and sleptons and of the quarks and squarks. A tilde indicates their respective scalar
components. The L and R subscripts on the sfermion fields refer to the chirality of their
fermionic superpartners. B̃, W̃ 3 and W̃± are the fermionic superpartners of the U(1) and
SU(2) gauge fields and g̃ is the gluino field. µ is the Higgsino mass parameter, M1, M2

and M3 are the gaugino mass parameters, B is a soft bilinear coupling, while m2
1 and m2

2

are Higgs mass parameters.
These input parameters are contained in common blocks in the program. The full

set of input parameters in version 4.1 of DarkSUSY, to be given at the weak scale, is
mA, tan β, µ, M1, M2, M3, AEaa, AUaa, ADaa, M2

Qaa, M2
Laa, M2

Uaa, M2
Daa and M2

Eaa (with
a = 1, 2, 3). The user may either provide these parameters directly to DarkSUSY or take
advantage of the implementation of an MSSM pre-defined through a reduced number of
parameters. In this model, the basic set of parameters is µ, M2, mA, tanβ, m0, At and
Ab. Here mA is the mass of the CP-odd Higgs boson and tanβ denotes the ratio, v2/v1,
of the vacuum expectation values of the two neutral components of the SU(2) Higgs
doublets. The parameters m0, At and Ab are defined through the simplifying ansatz:
MQ = MU = MD = ME = ML = m01, AU = diag(0, 0, At), AD = diag(0, 0, Ab),
AE = 0.

Below we will give some details to clarify our convention and additional features.
Relevant quantities for phenomenological studies, such as the particle masses and mixings,
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are consistently computed by DarkSUSY and available in arrays. The supersymmetry part
of the program can thus be used for many applications, in particular for accelerator-based
physics studies. Particle decay widths are also available, but currently only the widths of
the Higgs bosons are calculated, the other particles having fictitious widths of 1 or 5 GeV
(for the sole purpose of regularizing annihilation amplitudes close to poles).

2.1. Neutralino and chargino sectors

The neutralinos χ̃0
i are linear combinations of the superpartners of the neutral gauge

bosons, B̃, W̃3, and of the neutral Higgsinos, H̃0
1 , H̃0

2 . In this basis, their mass matrix is
given by

Mχ̃0
1,2,3,4

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

M1 0 −g′v1√
2

+
g′v2√

2

0 M2 +
gv1√

2
−gv2√

2

−g′v1√
2

+
gv1√

2
δ33 −µ

+
g′v2√

2
−gv2√

2
−µ δ44

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(3)

where g and g′ are the gauge coupling constants of SU(2) and U(1). δ33 and δ44 are the
most important one-loop corrections. These can change the neutralino masses by a few
GeV up or down and are only important when there is a severe mass degeneracy of the
lightest neutralinos and/or charginos. The expressions for δ33 and δ44 used in DarkSUSY
are taken from [11, 12] (the tree-level values can optionally be chosen).

The neutralino mass matrix, equation (3), is diagonalized analytically and evaluated
numerically to give the masses and compositions of four neutral Majorana states,

χ̃0
i = Ni1B̃ + Ni2W̃

3 + Ni3H̃
0
1 + Ni4H̃

0
2 , (4)

the lightest of which, χ̃0
1, to be called χ for simplicity, is then the candidate for the particle

making up the dark matter in the Universe. The neutralinos are ordered in mass such
that mχ0

1
< mχ0

2
< mχ0

3
< mχ0

4
and the eigenvalues are real with a complex N .

The charginos are linear combinations of the charged gauge bosons W̃± and of the
charged Higgsinos H̃−

1 , H̃+
2 . Their mass terms are given by

( W̃− H̃−
1 )Mχ̃±

(
W̃+

H̃+
2

)
+ h.c. (5)

Their mass matrix,

Mχ̃± =

(
M2 gv2

gv1 µ

)
, (6)

is diagonalized by the following linear combinations:

χ̃−
i = Ui1W̃

− + Ui2H̃
−
1 , (7)

χ̃+
i = Vi1W̃

+ + Vi2H̃
+
2 . (8)

We choose det(U) = 1 and U∗Mχ̃±V † = diag(mχ̃±
1
, mχ̃±

2
) with non-negative chargino

masses mχ̃±
i

≥ 0. We do not include any one-loop corrections to the chargino masses
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the lightest of which, χ̃0
1, to be called χ for simplicity, is then the candidate for the particle

making up the dark matter in the Universe. The neutralinos are ordered in mass such
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3
< mχ0

4
and the eigenvalues are real with a complex N .
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+
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1
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2
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≥ 0. We do not include any one-loop corrections to the chargino masses
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(for the sole purpose of regularizing annihilation amplitudes close to poles).

2.1. Neutralino and chargino sectors

The neutralinos χ̃0
i are linear combinations of the superpartners of the neutral gauge

bosons, B̃, W̃3, and of the neutral Higgsinos, H̃0
1 , H̃0

2 . In this basis, their mass matrix is
given by

Mχ̃0
1,2,3,4

=

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
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where g and g′ are the gauge coupling constants of SU(2) and U(1). δ33 and δ44 are the
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GeV up or down and are only important when there is a severe mass degeneracy of the
lightest neutralinos and/or charginos. The expressions for δ33 and δ44 used in DarkSUSY
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the lightest of which, χ̃0
1, to be called χ for simplicity, is then the candidate for the particle

making up the dark matter in the Universe. The neutralinos are ordered in mass such
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The charginos are linear combinations of the charged gauge bosons W̃± and of the
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2 . Their mass terms are given by
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+ h.c. (5)

Their mass matrix,
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is diagonalized by the following linear combinations:

χ̃−
i = Ui1W̃

− + Ui2H̃
−
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We choose det(U) = 1 and U∗Mχ̃±V † = diag(mχ̃±
1
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) with non-negative chargino
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≥ 0. We do not include any one-loop corrections to the chargino masses
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since they are negligible compared to the corrections δ33 and δ44 introduced above for the
neutralino masses [11].

2.2. Sfermion masses and mixings

When discussing the squark mass matrix including mixing, it is convenient to choose a
basis where the squarks are rotated in the same way as the corresponding quarks in the
standard model. We follow the conventions of the Particle Data Group [13] and put the
mixing in the left-handed d-quark fields, so that the definition of the Cabibbo–Kobayashi–
Maskawa matrix is K = V1V

†
2, where V1 (V2) rotates the interaction left-handed u-quark

(d-quark) fields to mass eigenstates. For sleptons we choose an analogous basis, but since
in DarkSUSY 4.1 neutrinos are assumed to be massless, no analogue of the CKM matrix
appears.

The general 6 × 6ũ- and d̃-squark mass matrices are

M2
ũ =

!
M2

Q + m†
umu + Du

LL1 m†
u(A

†
U − µ∗ cotβ)

(AU − µ cotβ)mu M2
U + mum†

u + Du
RR1

"
, (9)

M2
d̃

=

!
K†M2

QK + mdm
†
d + Dd

LL1 m†
d(A

†
D − µ∗ tan β)

(AD − µ tanβ)md M2
D + m†

dmd + Dd
RR1

"
. (10)

The general sneutrino and charged slepton mass matrices are (for massless neutrinos)

M2
ν̃ = M2

L + Dν
LL1 (11)

M2
ẽ =

!
M2

L + mem†
e + De

LL1 m†
e(A

†
E − µ∗ tan β)

(AE − µ tanβ)me M2
E + m†

eme + De
RR1

"
. (12)

Here

Df
LL = m2

Z cos 2β(T3f − ef sin2 θW ), (13)

Df
RR = m2

Z cos(2β)ef sin2 θW (14)

where T3f is the third component of the weak isospin and ef is the charge in units
of the absolute value of the electron charge, e. In the chosen basis, we have mu =
diag(mu, mc, mt), md = diag(md, ms, mb) and me = diag(me, mµ, mτ ).

The slepton and squark mass eigenstates f̃k (ν̃k with k = 1, 2, 3 and ẽk, ũk and d̃k

with k = 1, . . . , 6) diagonalize the previous mass matrices and are related to the current
sfermion eigenstates f̃La and f̃Ra (a = 1, 2, 3) via

f̃La =
6#

k=1

f̃kΓ
∗ka
FL , (15)

f̃Ra =
6#

k=1

f̃kΓ
∗ka
FR. (16)

The squark and charged slepton mixing matrices ΓUL, ΓUR, ΓDL, ΓDR, ΓEL and ΓER have
dimension 6 × 3, while the sneutrino mixing matrix ΓνL has dimension 3 × 3.

The current version of DarkSUSY allows only for diagonal matrices AU , AD, AE,
MQ, MU , MD, ME and ML. This ansatz, while not being the most general, implies the
absence of tree-level flavour changing neutral currents in all sectors of the model. It also
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since they are negligible compared to the corrections δ33 and δ44 introduced above for the
neutralino masses [11].

2.2. Sfermion masses and mixings

When discussing the squark mass matrix including mixing, it is convenient to choose a
basis where the squarks are rotated in the same way as the corresponding quarks in the
standard model. We follow the conventions of the Particle Data Group [13] and put the
mixing in the left-handed d-quark fields, so that the definition of the Cabibbo–Kobayashi–
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†
2, where V1 (V2) rotates the interaction left-handed u-quark

(d-quark) fields to mass eigenstates. For sleptons we choose an analogous basis, but since
in DarkSUSY 4.1 neutrinos are assumed to be massless, no analogue of the CKM matrix
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Z cos 2β(T3f − ef sin2 θW ), (13)

Df
RR = m2

Z cos(2β)ef sin2 θW (14)

where T3f is the third component of the weak isospin and ef is the charge in units
of the absolute value of the electron charge, e. In the chosen basis, we have mu =
diag(mu, mc, mt), md = diag(md, ms, mb) and me = diag(me, mµ, mτ ).

The slepton and squark mass eigenstates f̃k (ν̃k with k = 1, 2, 3 and ẽk, ũk and d̃k

with k = 1, . . . , 6) diagonalize the previous mass matrices and are related to the current
sfermion eigenstates f̃La and f̃Ra (a = 1, 2, 3) via

f̃La =
6#

k=1

f̃kΓ
∗ka
FL , (15)

f̃Ra =
6#

k=1

f̃kΓ
∗ka
FR. (16)

The squark and charged slepton mixing matrices ΓUL, ΓUR, ΓDL, ΓDR, ΓEL and ΓER have
dimension 6 × 3, while the sneutrino mixing matrix ΓνL has dimension 3 × 3.

The current version of DarkSUSY allows only for diagonal matrices AU , AD, AE,
MQ, MU , MD, ME and ML. This ansatz, while not being the most general, implies the
absence of tree-level flavour changing neutral currents in all sectors of the model. It also
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since they are negligible compared to the corrections δ33 and δ44 introduced above for the
neutralino masses [11].

2.2. Sfermion masses and mixings

When discussing the squark mass matrix including mixing, it is convenient to choose a
basis where the squarks are rotated in the same way as the corresponding quarks in the
standard model. We follow the conventions of the Particle Data Group [13] and put the
mixing in the left-handed d-quark fields, so that the definition of the Cabibbo–Kobayashi–
Maskawa matrix is K = V1V

†
2, where V1 (V2) rotates the interaction left-handed u-quark

(d-quark) fields to mass eigenstates. For sleptons we choose an analogous basis, but since
in DarkSUSY 4.1 neutrinos are assumed to be massless, no analogue of the CKM matrix
appears.

The general 6 × 6ũ- and d̃-squark mass matrices are
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ũ =
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The general sneutrino and charged slepton mass matrices are (for massless neutrinos)
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Z cos 2β(T3f − ef sin2 θW ), (13)

Df
RR = m2

Z cos(2β)ef sin2 θW (14)

where T3f is the third component of the weak isospin and ef is the charge in units
of the absolute value of the electron charge, e. In the chosen basis, we have mu =
diag(mu, mc, mt), md = diag(md, ms, mb) and me = diag(me, mµ, mτ ).

The slepton and squark mass eigenstates f̃k (ν̃k with k = 1, 2, 3 and ẽk, ũk and d̃k

with k = 1, . . . , 6) diagonalize the previous mass matrices and are related to the current
sfermion eigenstates f̃La and f̃Ra (a = 1, 2, 3) via

f̃La =
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k=1

f̃kΓ
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FL , (15)
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The squark and charged slepton mixing matrices ΓUL, ΓUR, ΓDL, ΓDR, ΓEL and ΓER have
dimension 6 × 3, while the sneutrino mixing matrix ΓνL has dimension 3 × 3.

The current version of DarkSUSY allows only for diagonal matrices AU , AD, AE,
MQ, MU , MD, ME and ML. This ansatz, while not being the most general, implies the
absence of tree-level flavour changing neutral currents in all sectors of the model. It also
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since they are negligible compared to the corrections δ33 and δ44 introduced above for the
neutralino masses [11].

2.2. Sfermion masses and mixings

When discussing the squark mass matrix including mixing, it is convenient to choose a
basis where the squarks are rotated in the same way as the corresponding quarks in the
standard model. We follow the conventions of the Particle Data Group [13] and put the
mixing in the left-handed d-quark fields, so that the definition of the Cabibbo–Kobayashi–
Maskawa matrix is K = V1V

†
2, where V1 (V2) rotates the interaction left-handed u-quark

(d-quark) fields to mass eigenstates. For sleptons we choose an analogous basis, but since
in DarkSUSY 4.1 neutrinos are assumed to be massless, no analogue of the CKM matrix
appears.
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Z cos(2β)ef sin2 θW (14)

where T3f is the third component of the weak isospin and ef is the charge in units
of the absolute value of the electron charge, e. In the chosen basis, we have mu =
diag(mu, mc, mt), md = diag(md, ms, mb) and me = diag(me, mµ, mτ ).

The slepton and squark mass eigenstates f̃k (ν̃k with k = 1, 2, 3 and ẽk, ũk and d̃k

with k = 1, . . . , 6) diagonalize the previous mass matrices and are related to the current
sfermion eigenstates f̃La and f̃Ra (a = 1, 2, 3) via

f̃La =
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k=1

f̃kΓ
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FL , (15)
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The squark and charged slepton mixing matrices ΓUL, ΓUR, ΓDL, ΓDR, ΓEL and ΓER have
dimension 6 × 3, while the sneutrino mixing matrix ΓνL has dimension 3 × 3.

The current version of DarkSUSY allows only for diagonal matrices AU , AD, AE,
MQ, MU , MD, ME and ML. This ansatz, while not being the most general, implies the
absence of tree-level flavour changing neutral currents in all sectors of the model. It also
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Supersymmetric dark matter

Neutralinos (the most fashionable/studied WIMP)

Goldberg 1983; Ellis, Hagelin, Nanopoulos, Olive, Srednicki 1984; etc.

Sneutrinos (also WIMPs)

Falk, Olive, Srednicki 1994; Asaka, Ishiwata, Moroi 2006; McDonald 2007; 
Lee, Matchev, Nasri 2007; Deppisch, Pilaftsis 2008; Cerdeno, Munoz, Seto 
2009; Cerdeno, Seto 2009; etc.

Gravitinos (SuperWIMPs)

Feng, Rajaraman, Takayama 2003; Ellis, Olive, Santoso, Spanos 2004; Feng, 
Su, Takayama, 2004; etc.

Axinos (SuperWIMPs)

Tamvakis, Wyler 1982; Nilles, Raby 1982; Goto, Yamaguchi 1992; Covi, Kim, 
Kim, Roszkowski 2001; Covi, Roszkowski, Ruiz de Austri, Small 2004; etc.



Supersymmetric superWIMPs
Interaction scale with ordinary matter suppressed by large mass scale

Axino dark matter (fPQ~1011GeV)

mã & 0.1 MeV
thermally and non-thermally produced in early universe

scattering cross section with ordinary matter

� ⇡ (mW /fPQ)2�weak ⇡ 10�18�weak ⇡ 10�56 cm2

Gravitino dark matter (mPl~1019GeV)

thermally and non-thermally produced in early universe

scattering cross section with ordinary matter

m3/2 ⇡ 1 GeV–700 GeV

� ⇡ 10�72 cm2
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Table A.1. Included coannihilation processes through s-, t- and u-channels and
four-point interactions (p). For the f̃di f̃

(∗)
dj

processes the corresponding process
for up-type sfermions can be obtained by interchanging the u and d indices.

Diagrams
Process s t u p

χ0
i χ

0
j → B0

mB0
n H0

1,2,3, Z χ0
k χ0

l

χ0
i χ

0
j → B−

mB+
n H0

1,2,3, Z χ+
k χ+

l

χ0
i χ

0
j → f f̄ H0

1,2,3, Z f̃1,2 f̃1,2

χ+
i χ0

j → B+
mB0

n H+, W+ χ0
k χ+

l

χ+
i χ0

j → fuf̄d H+, W+ f̃ ′
d1,2

f̃ ′
u1,2

χ+
i χ−

j → B0
mB0

n H0
1,2,3, Z χ+

k χ+
l

χ+
i χ−

j → B+
mB−

n H0
1,2,3, Z, γ χ0

k

χ+
i χ−

j → fuf̄u H0
1,2,3, Z, γ f̃ ′

d1,2

χ+
i χ−

j → f̄dfd H0
1,2,3, Z, γ f̃ ′

u1,2

χ+
i χ+

j → B+
mB+

n χ0
k χ0

l

f̃iχ0
j → B0f f f̃1,2 χ0

l

f̃diχ
0
j → B−fu fd f̃u1,2 χ+

l

f̃uiχ
0
j → B+fd fu f̃d1,2 χ+

l

f̃diχ
+
j → B0fu fu f̃d1,2 χ+

l

f̃uiχ
+
j → B+fu f̃d1,2 χ0

l

f̃diχ
+
j → B+fd fu χ0

l

f̃uiχ
−
j → B0fd fd f̃u1,2 χ+

l

f̃uiχ
−
j → B−fu fd χ0

l

f̃diχ
−
j → B−fd f̃u1,2 χ0

l

f̃di f̃
∗
dj

→ B0
mB0

n H0
1,2,3, Z, g f̃d1,2 f̃d1,2 p

f̃di f̃
∗
dj

→ B−
mB+

n H0
1,2,3, Z, γ f̃u1,2 p

f̃di f̃
′∗
dj

→ f ′′
d f̄ ′′′

d H0
1,2,3, Z, γ, g χ0

k, g̃

f̃di f̃
′∗
dj

→ f ′′
u f̄ ′′′

u H0
1,2,3, Z, γ, g χ+

k

f̃di f̃
′
dj

→ fdf ′
d χ0

k, g̃ χ0
l , g̃

f̃ui f̃
∗
dj

→ B+
mB0

n H+, W+ f̃d1,2 f̃u1,2 p

f̃ui f̃
′∗
dj

→ f ′′
u f̄ ′′′

d H+, W+ χ0
k, g̃

f̃ui f̃
′
dj

→ f ′′
u f ′′′

d χ0
k, g̃ χ+

l

the values 1 and 2 (except for the sneutrinos, which only have one mass eigenstate). A
further complication to the notation is when the sfermions and fermions in initial, final
and exchange states can belong to different families. Primes will be used to indicate when
we have this freedom to choose the flavour. So, e.g., f̃u and fu will belong to the same
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Thousands of annihilation (and 
coannihilation) processes

Use publicly-available 
computer codes, e.g. 
DarkSUSY, micrOMEGAs

Cosmic density
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Neutralino dark matter: minimal supergravity



The density of points in parameter space

• Density of points depends on priors in parameters

• Priors describe our beliefs in the value of the model 
parameters

• What is a sensible prior for M2, say? 

- Flat in M2? Flat in log(M2)? Exponential in arctan(M2)?

• Example: a scan in 
parameter space using 
an anthropic prior
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Figure 5: A plot of the reach of direct, indirect and collider searches for neutralino dark matter
in the m0 vs. m1/2 plane, for A0 = 0, tanβ = 55 and µ > 0.

– 21 –

Baer et al,  
hep-ph/0405210

Coannihilation region

Bulk

Funnel

Focus point region

Neutralino dark matter: minimal supergravity

LHC is eating up 
parameter space

Only in special regions the density is not too large.



Cahill-Rowell et al 1305.6921

Neutralino dark matter: impact of LHC

“the only pMSSM models 
remaining [with neutralino 
being 100% of CDM] are those 
with bino coannihilation”

are highly detectable by IC/DC. We observe that all such WMAP-saturating well-tempered
neutralinos with masses mLSP  500GeV should be excluded by the IC/DC search (c.f., the
magenta points in Fig. 8).

Figure 8: IC/DC signal event rates as a function of LSP mass (upper-left), thermal annihi-
lation cross-section h��iR2 (upper-right) and thermal elastic scattering cross-sections �SD,p

and �SI,p (lower panels). In all panels the gray points represent generic models in our full
pMSSM model set, while WMAP-saturating models with mostly bino, wino, Higgsino or
mixed (80% of each) LSPs in are highlighted in red, blue, green and magenta, respectively.
The red line denotes a detected flux of 40 events/yr, our conservative estimate for exclusion.

6 Complementarity: Putting It All Together

Now that we have provided an overview of the various pieces of data that go into our analysis,
we can put them together to see what they (will) tell us about the nature of the neutralino

16

densities. Of course, even for masses up to 1-2 TeV, XENON1T still provides quite decent
model coverage in this parameter plane. As noted already, most of the impact of the LHC is
at present seen to be at lower LSP masses below ⇠ 500 GeV. The LHC coverage is relatively
uniform as far as the value of the relic density is concerned except in the case of very light
LSPs where the coverage is very strong. Of course, we again remind the reader that we
still need to add the additional information coming from the new 8 TeV LHC analyses not
included here as well as the extrapolations to 14 TeV so that the coverage provided by the
LHC should be expected to improve substantially.

Figure 13: Thermal relic density as a function of the LSP mass for all pMSSM models,
surviving after all searches, color-coded by the electroweak properties of the LSP. Compare
with Fig. 2.

Finally, Fig. 13 shows the impact of combining all of the di↵erent searches in this same
⌦h2-LSP mass plane which should be compared with that for the original model set as
generated that is shown in Fig. 2. Here we see that (i) the models that were in the light h
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the posterior distribution. For the same reason Rh1ðZZÞ
cannot be perfectly fitted either, though its contribution
to the total !2 is smaller than 0.5 units of !2, making this
observable equally ineffective in constraining the
posterior.

In Fig. 9(b) we present the posterior distribution for
case 2. Once again, Rh2ð""Þ can hardly become larger
than 1 over the preferred parameter space. The 95% cred-
ible region lies far from the central value of the observed
enhancement and, in fact, even covers values lower than in
case 1. Rh2ðZZÞ presents similar behavior, although the
suppression of the reduced cross section is highly welcome
for this observable, as it places the calculated value closer
to the rate observed at CMS. Smaller than 1 signal rates
indicate less of a SM-like character for h2, which is caused
by the suppression of the SM couplings induced by its
increased singlet component.

The posterior distributions presented in Figs. 9(a) and
9(b) indicate that, in both case 1 and case 2 it is in
general extremely difficult to obtain the signal enhance-
ment in the "" channel. The scan naturally tends to stay
in the regions of parameter space favored by all con-
straints. It is therefore no surprise that among the points
scanned for case 1 only two presented a "" rate in the
range 1.2–2, thanks to the reduced coupling of the signal
Higgs boson to the bottom quarks. Such points present
!2 contributions to the relic density of order several 10s,
and the !2 contribution to BRðBs ! #þ#$Þ is of order
100. In case 2 we found a dozen such points, for which
the contribution to the relic density is even worse.

In case 3 one could expect to obtain an enhancement of
Rhsigð""Þ by adding the individual rates for both almost

degenerate light scalars. However, the posterior pdf in
the (Rh1þh2ð""Þ, Rh1þh2ðZZÞ) plane is remarkably similar

to the one shown in Fig. 9(a), due to the large singlet
component of h2, and we refrain from showing it again
over here. In fact, in case 3 wewere not able to find a single
point with the enhanced "" rate. Since case 3 is a subset of
case 2 in terms of the favored parameter space, and the
rates in the "" and ZZ channel do not show interesting
features, we will not consider it separately from the other
cases any further.

D. Prospects for DM direct detection and
BRðBs ! !þ!#Þ

In this subsection we will discuss the impact of
limits from direct DM searches on the preferred para-
meter space of the CNMSSM. This kind of experiments
are complementary to direct LHC SUSY searches, as they
are capable of testing neutralino mass ranges beyond the
current and future reach of the LHC, and therefore could
add new pieces of information to the global picture.
At present the most stringent limit on the spin-

independent cross section $SI
p comes from XENON100

[78]. In supersymmetric models it can then be plotted as
a function of the neutralino mass in the form of an exclu-
sion limit in the (m!, $

SI
p ) plane.

We want to point out that the theory uncertainties
are very large (up to a factor of 10) and strongly affect
the impact of the experimental limit on the parameter
space [41]. It was shown that, when smearing out the
XENON100 limit with a theoretical uncertainty of order
10 times the given value of $SI

p , the effect on the posterior

FIG. 10 (color online). Marginalized 2D posterior pdf in the ðm!;$
SI
p Þ plane of the CNMSSM constrained by the experiments listed

in Table I in (a) case 1 and (b) case 2. The solid red line shows the 90% C.L. exclusion bound by XENON100 (not included in the
likelihood), and the dashed gray line the projected sensitivity for XENON1T. The color code is the same as in Fig. 2.
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We include the constraint in our likelihood function taking
into account both theoretical and experimental uncertain-
ties, as will be described below.

The other important update was the top pole mass by the
Particle Data Group, obtained from an average of data from
Tevatron and the LHC at

ffiffiffi
s

p ¼ 7 TeV, Mt ¼ 173:5"
1:0 GeV [38]. As we shall see below this is a welcome
increase relative to its previous value in the context of the
Higgs sector of constrained SUSY models as it pushes the
mass of h1 up, closer to the experimentally observed
Higgs-like resonance mass.

In this article, we present the first global Bayesian
analysis of the CNMSSM after the observation of the SM
Higgs-like boson. We separately consider the cases of this
boson being h1, or h2, or a combination of both. We test the
parameter space of the model against the currently pub-
lished, already stringent constraints from SUSY searches at
the LHC and other relevant constraints from colliders,
b-physics and dark matter (DM) relic density. Our goal is
to map out the regions of the parameter space of the
CNMSSM that are favored by these constraints. As in
our CMSSM study [30], the CMS razor limit based on
4:4=fb of data is implemented through an approximate but
accurate likelihood function. We also study the effects of
relaxing the ðg$ 2Þ! constraint.

The article is organized as follows. In Sec. II we briefly
revisit the model, highlighting some of its salient features.
In Sec. III we detail our methodology, including our sta-
tistical approach and our construction of the likelihoods for
the BRðBs ! !þ!$Þ signal, the CMS razor 4:4=fb, and
the CMS Higgs searches. In Sec. IV we present the results
from our scans and discuss their novel features. We sum-
marize our findings in Sec. V.

II. THE NMSSM WITH GUT-SCALE
UNIVERSALITY

The NMSSM is an economical extension of the MSSM,
in which one adds a gauge-singlet superfield S whose
scalar component couples only to the two MSSM Higgs
doublets Hu and Hd at the tree level.1 The scale-invariant
superpotential of the model has the form

W ¼ "SHuHd þ
#

3
S3 þ ðMSSM Yukawa termsÞ; (1)

where " and # are dimensionless couplings. Upon
spontaneous symmetry breaking, the scalar Higgs field S
develops a vev, s ' hSi, and the first term in Eq. (1)
assumes the role of the effective !-term of the MSSM,
!eff ¼ "s. The soft SUSY-breaking terms in the Higgs
sector are then given by

Vsoft ¼ m2
Hu
jHuj2 þm2

Hd
jHdj2 þm2

SjSj2

þ
"
"A"SHuHd þ

1

3
#A#S

3 þ H:c:
#
; (2)

where A" and A# are soft trilinear terms associated with the
" and # terms in the superpotential. The vev s, determined
by the minimization conditions of the Higgs potential, is
effectively induced by the SUSY-breaking terms in Eq. (2),
and is naturally set by MSUSY, thus solving the !-problem
of the MSSM.
We define the CNMSSM in terms of five continuous

input parameters and one sign,

m0; m1=2; A0; tan$;"; sgnð!effÞ; (3)

where unification conditions at a high scale require that all
the scalar soft SUSY-breaking masses in the superpotential
(except mS) are unified to m0, the gaugino masses are
unified to m1=2, and all trilinear couplings, including A"

and A#, are unified to A0. This leaves us with two addi-
tional free parameters: " and the singlet soft-breaking mass
m2

S. The latter is not unified to m2
0 for both theoretical and

phenomenological reasons. From the theoretical point of
view, it has been argued [39] that the mechanism for SUSY
breaking might treat the singlet field differently from the
other superfields. From the phenomenological point of
view, the freedom in mS allows for easier convergence
when the renormalization group equations (RGEs) are
evolved from the GUT scale down toMSUSY. It also yields,
in the limit " ! 0, and with "s fixed, effectively the
CMSSM plus a singlet and singlino fields that both
decouple from the rest of the spectrum. Through the mini-
mization equations of the Higgs potential, m2

S can then be
traded for tan$ (the ratio of the vev’s of the neutral
components of the Hu and Hd fields) and either sgnð!effÞ
or #. We choose sgnð!effÞ for conventional analogy with
the CMSSM. Both " and tan$ are defined at MSUSY. Our
choice of the parameter space is the same as the one used
by one of us in a previous Bayesian analysis [31], of which
this paper is, in some sense, an update. Of course, there
exist different possibilities that have been explored in the
literature. Some authors have studied the more constrained
version of the CNMSSM, characterized by m2

S ¼ m2
0 [26].

But it is also true that the underlying assumption employed
here, of a different treatment of the singlet field by the
SUSY breaking mechanism, would allow for freedom in
A# at the GUT scale [39]. We will give some comment in
the Conclusions about the possible impact of relaxing the
unification condition for A#.

III. STATISTICAL TREATMENT OF
EXPERIMENTAL DATA

We explore the parameter space of the model with the
help of Bayesian formalism. We follow the procedure
outlined in detail in our previous papers [30,40,41], of
which we give a short summary here. Our aim is to map

1For simplicity we will be using the same notation for super-
fields and their bosonic components.
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" and # terms in the superpotential. The vev s, determined
by the minimization conditions of the Higgs potential, is
effectively induced by the SUSY-breaking terms in Eq. (2),
and is naturally set by MSUSY, thus solving the !-problem
of the MSSM.
We define the CNMSSM in terms of five continuous
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m0; m1=2; A0; tan$;"; sgnð!effÞ; (3)

where unification conditions at a high scale require that all
the scalar soft SUSY-breaking masses in the superpotential
(except mS) are unified to m0, the gaugino masses are
unified to m1=2, and all trilinear couplings, including A"

and A#, are unified to A0. This leaves us with two addi-
tional free parameters: " and the singlet soft-breaking mass
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S. The latter is not unified to m2
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phenomenological reasons. From the theoretical point of
view, it has been argued [39] that the mechanism for SUSY
breaking might treat the singlet field differently from the
other superfields. From the phenomenological point of
view, the freedom in mS allows for easier convergence
when the renormalization group equations (RGEs) are
evolved from the GUT scale down toMSUSY. It also yields,
in the limit " ! 0, and with "s fixed, effectively the
CMSSM plus a singlet and singlino fields that both
decouple from the rest of the spectrum. Through the mini-
mization equations of the Higgs potential, m2

S can then be
traded for tan$ (the ratio of the vev’s of the neutral
components of the Hu and Hd fields) and either sgnð!effÞ
or #. We choose sgnð!effÞ for conventional analogy with
the CMSSM. Both " and tan$ are defined at MSUSY. Our
choice of the parameter space is the same as the one used
by one of us in a previous Bayesian analysis [31], of which
this paper is, in some sense, an update. Of course, there
exist different possibilities that have been explored in the
literature. Some authors have studied the more constrained
version of the CNMSSM, characterized by m2

S ¼ m2
0 [26].

But it is also true that the underlying assumption employed
here, of a different treatment of the singlet field by the
SUSY breaking mechanism, would allow for freedom in
A# at the GUT scale [39]. We will give some comment in
the Conclusions about the possible impact of relaxing the
unification condition for A#.
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Axions as solution to the strong CP problem

The strong CP problem

In QCD, the neutron electric dipole moment dn should be ~10-16 ecm, 
but experimentally dn < 1.1⇥ 10�26 ecm

The Peccei-Quinn solution

Introduce a new U(1)PQ symmetry and a new field to break it 
spontaneously.  The remaining pseudoscalar Goldstone boson is 
the axion. It acquires mass through QCD instanton effects.



Axions as solution to the strong CP problem
The strong CP problem

Vacuum potentials Aµ = i⌦@µ⌦�1 with ⌦! e2⇡in as r !1

Vacuum state |✓i =
P

n e�in✓ |0i

New term in lagrangian L✓ = ✓ g2

32⇡2 Fµ⌫
a F̃aµ⌫

     violates P and T but conserves C, thus produces 
a neutron electric dipole moment dn ⇡ e(mq/M2

n)✓
L✓

Experimentally dn < 1.1⇥ 10�26 ecm so ✓ < 10�9–10�10

Why θ should be so small is the strong CP problem



Axions as solution to the strong CP problem
The Peccei-Quinn solution

La = � 1
2@µa@µa + a

fa

g2

32⇡2 Fµ⌫
a F̃aµ⌫ + Lint(a)New lagrangian

h✓iBefore QCD phase transition, can be anything

Introducing a U(1)PQ symmetry replaces

✓
total

= ✓ + arg detM
quark

⇒

static CP-violating angle dynamic CP-conserving field
✓(x) = a(x)/fa

axion

V (✓) = m2
af2

a (1� cos ✓)

After QCD phase transition, instanton effects generate

and h✓i = 0 dynamically 

θ

V(θ)

Wilczek realized this leads to a very light pseudoscalar particle he 
called the “axion” after the name of a famous laundry detergent



Axions

“Whenever you come up with a good idea, 
somebody tries to copy it.”

(Axion Commercial with Arthur Godfrey, 1968)



Axions as solution to the strong CP problem

Constraints from laboratory 
searches and astrophysics

Raffelt, Rosenberg 2012

Peccei & Quinn had 2 Higgs doublets 
and fa ~ 200 GeV (electroweak), with 
an axion-quark coupling too high and 
quickly excluded by laboratory 
searches

– 10–

Figure 1: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges. Limits on coupling strengths are
translated into limits on mA and fA using z = 0.56
and the KSVZ values for the coupling strengths. The
“Laboratory” bar is a rough representation of the ex-
clusion range for standard or variant axions. The “GC
stars and white-dwarf cooling” range uses the DFSZ
model with an axion-electron coupling corresponding to
cos2 β = 1/2. The Cold Dark Matter exclusion range
is particularly uncertain. We show the benchmark case
from the misalignment mechanism.

February 21, 2013 11:25



Axions as solution to the strong CP problem

Beyond Peccei-Quinn: the invisible axion
Kim (1979)  

Shifman, Vainshtein, Zakharov (1980)   Zhitnistki (1980) 
Dine, Fischler, Srednicki (1981)

2 Higgs doublets, 1 Higgs singlet

Volume 104B, number 3 PHYSICS LETTERS 27 August 1981 

matter. Our model is quite economical. It requires the 
addition of just one scalar field to the Peccei-Quinn 
model. Moreover, this scheme is easily implemented in 
grand unified theories. Our model was suggested by a 
study of supersymmetric versions of technicolor [ 11 ], 
but it may be possible to implement the mechanism 
in other dynamical symmetry breaking schemes, such 
as extended technicolor models. 

The model is identical to that of Peccei and Quinn, 
except for the addition of a complex scalar field, ¢, 
which is a singlet under SU(2) × U(1). The model 
has two scalar doublets, Cu and Cd, with hypercharge 
-1  and +1, respectively. ~u couples only to right- 
handed charge 2/3 quarks, ~b d only to right-handed 
charge -1 /3  quarks and to right-handed charged lep- 
tons. Thus the Yukawa couplings have the structure 

• /~y = Gu(fia)LOuU R + Gd(fid)Lq~ddR + h.c. , (2) 
and similarly for other quarks and leptons. The restric- 
tion of the couplings to this form is required by the 
symmetry we describe below. 

We will demand that the lagrangian possesses a global 
symmetry at the classical level under which the scalar 
fields transform as 
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where 
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SU(2). 

For a finite range of values of the parameters in the 
potential, the desired symmetry breakdown occurs. 
In particular, we demand 
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giving mass to the W and Z bosons and quarks and 
leptons. Note that, since only doublets are used, one 
has, at tree level, the important relation 

M w / M  z = cos 0 w . (7) 

Moreover, this structure insures the absence of dangerous 
strangeness-changing neutral currents. 

We also require that the potential give 4~ a large 
vacuum expectation value, 

%/~<~> =f~ >~(f2 +f2)1/2 = f .  (8) 

These expectation values, in addition to providing the 
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and the corresponding Goldstone boson gets a small 
mass due to instanton effects [more precisely, through 
those QCD effects which break the U(1) symmetry]. 
We can study the properties of this particle, which we 
refer to as the axion, using standard current algebraic 
techniques. In particular, the methods used by Bardeen 
and Tye [8] to study the axion of the Peccei-Quinn 
model allow us to determine the axion's mass, lifetime, 
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ally, QCD effects which violate X-symmetry), the 
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The X-current is given by 

;x =xo  
+ Xu(fi7.75 u + 67.75 c + t7.75 t + ...) 

(11) 
+ Xd(aTuTs d + §7.75 s + b7.75 b +...) 
+ Xd(&'/UT5 e +'P'Y, T5U + rT, T5 7- + . . . ) .  
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served' that the effective Lagrangian (1) can be
rotated away if the Lagrangian has a chiral U(1)
invariance denoted as U(l)~, becuase the cor-
responding chiral current satisfies &„J," = (g'/
16m') F„;F'"".Other alternatives" starting from
0 = 0 are not in general automatic because one
cannot remove (1) by insisting upon CPinvari-
ance in the Lagrangian. Though the Lagrangian
conserves CP, Eq. (1) will still come about at
higher orders of weak interactions.
In this paper, I wish to discuss an automatic

tkeory for strong CP conservation introducing
the U(l)„symmetry in the Lagrangian. If this
U(l)~ is not broken, the symmetry is realized
in the signer-Weyl manner and the only possible
way of relating this unbroken U(1)„symmetry
with flavor-conserving gluons is to have at least
one massless quark. This can be easily checked
by introducing additional spinless mesons that
do not generate vacuum expectation values. The
massless-quark possibility has been recently
discussed. " On the other hand, the broken U(1)„
symmetry implies a Goldstone boson (the so-
called axion). '~ However, the Peccei-Quinn-
Weinberg-Wilczek axion (PQWW axion) seems
not to exist. "
This leads me to consider a phenomenologically

different axion. I will consider the gauge group
SU(2)~ Ia U(1) SSU(3)~ for weak, electromagnetic,
and strong interactions. The known six leptons
and six quarks are represented in the Kobayashi-
Maskawa picture. ' One Higgs doublet is suffi-
cient to complete this picture. CP is not con-
served by scheme (i) ~ In addition, I will intro-
duce a weak-interaction-singlet quark Q and a
weak-interaction-singlet, complex Higgs Scalar
0 with zero weak hypercharge so as to have a
symmetry U(1)„. Further, a discrete symmetry
R is introduced as
R: Qz, Qs, ~ Qs +Q~~

under a U(1)„ transformation
Q-e'»"Q, o -e ""0, (5)

which can be used to rotate away the interaction
(1) provided Q belongs to a nontrivial representa-
tion of SU(3)c. The remaining U(1) invariance
from (3) and (4) gives the Q-type baryon-number
conservation. For specific illustrations Q is as-
sumed to be a color triplet. Also for a finite
range of parameters we have (y), + 0 and (0),& 0
to generate quark masses. Therefore, the U(1)„
is spontaneously broken and is realized by the ex-
istence of the axion a that does not couple to or-
dinary quarks at the tree level. With a nonvan-
ishing A.~„ the standard Higgs is mixed with
Reo, but not with a. In the following, &~,=0 is
assumed.
Though R (or gauge) symmetry forbids the

light-quark coupling qoq, R symmetry is broken
spontaneously and such a coupling will be present
at higher orders. This induced coupbng can be
estimated by a diagram given inside the box of
Fig. 1,

—i 4', ,' ln qy, qa, (6)

where g, is the color coupling constant, v'=(o), .
The mass of the axion is estimated' ' by the cur-
rent-algebra approach (cf. Fig. 1 for the role of
an instanton),

'm ' rn„ ln
with Z= (m„x7u)/(m„dd). If mq= 100 GeV, f=0.001
(or v'=100 TeV), o. , =0.15, and 2m„=m„=10
MeV, the axion mass is about 2.7 eV. For this
particular set of values the lifetime of axion is
about 1.0x10" (0.95x10") yr for eo =0 (eo =- 3).

all the other fields are invariant. (2)

This guarantees the absence of a bare-mass term
mQQ. The invariant Yukawa coupling of Q and
the Higgs potential V are taken to be

(3)

y x,(c *o)'+A. ~,y'go *a. (4)

It is trivial to see that (3) and (4) are invariant

FIG. 1. Diagram for axion coupling to an ordinary
quark q through the new quark Q and the gluon (curly
lines) loops. The blob in the center is the 't Hooft in-
stanton interaction which could be used for computation
of m, if a reliable method were available for estimating
its effects. In the absence of such a method, the dia-
gram is not to be interpreted as an orthodox Feynman
diagram.
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Axions as solution to the strong CP problem

Beyond Peccei-Quinn: the invisible axion10

The possibility that axions form the cold dark matter leads to the ex-
citing possibility that we might be able to detect them. The axion-photon
interaction lagrangian is

Laγγ =
α

2πfa
(C − C′)aE·B , (12)

where C and C′ are numerical constants. This interaction allows an axion
to convert to a photon in a magnetic field, and Sikivie proposed using this
effect to search for dark-matter axions25. The value of C is computed
in terms of the Peccei-Quinn charges of the fermions, and C′ arises from
axion-pion and axion-eta mixing; it is model independent, and given by

C′ =
2

3

mumd + 4mdms + msmu

mumd + mdms + msmu

= 1.93 ± 0.04 . (13)

Unfortunately, C is typically positive, so there is a cancelation. In grand-
unifiable models (that is, models where the fermions come in SU(5) multi-
plets with the same PQ charge; whether the extra heavy particles implied
by unification exist or not is irrelevant) such as the DFSZ model,

CDFSZ =
8

3
. (14)

In KSVZ models with a single heavy quark of charge Q,

CKSVZ = 6Q2 . (15)

If axions are the dark matter, ma ∼ 1 to 100 µeV is the most interesting
mass range (1 µeV = 10−6 eV). Experiments to search for them are cur-
rently underway, and one26 has ruled out KSVZ axions (with Q = 0) in
the mass range 2.8 ± 0.5 µeV as a significant component of the local dark
matter. The experiments are continuing; for a review, see Ref. [27].

5. The Future of Axion Physics

Over twenty years have passed since the invention of the invisible axion, and
we still do not know whether or not this is the correct solution to the strong
CP problem. It is vitally important that the current searches continue until
they have covered at least the most plausible mass and coupling ranges; it
would be a great shame if such important physics surrounded us, and we
left it undiscovered. Of course, even if these searches do not find dark
matter axions, this means only that the dark matter is not axions, and not
that axions do not exist. There are many cosmological scenarios for this
possibility.
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Model-dependent axion-photon coupling

See e.g. Srednicki hep-th/0210172, Review of Particle Properties

Model-dependent axion-fermion coupling

– 4–

models, and notably for DFSZ [15], E/N = 8/3, whereas for

KSVZ [14] E/N = 0 if the electric charge of the new heavy

quark is taken to vanish. In general, a broad range of E/N

values is possible [16]. The two-photon decay width is

ΓA→γγ =
G2

Aγγm3
A

64 π
= 1.1 × 10−24 s−1

!mA

eV

"5
. (6)

The second expression uses Eq. (5) with z = 0.56 and E/N = 0.

Axions decay faster than the age of the universe if mA >∼ 20 eV.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [17].

In the DFSZ model [15], the tree-level coupling coefficient

to electrons is

Ce =
cos2 β

3
, (8)

where tanβ is the ratio of two Higgs vacuum expectation values

that are generic to this and similar models.

For nucleons, Cn,p are related to axial-vector current matrix

elements by generalized Goldberger-Treiman relations,

Cp = (Cu − η)∆u + (Cd − ηz)∆d + (Cs − ηw)∆s ,

Cn = (Cu − η)∆d + (Cd − ηz)∆u + (Cs − ηw)∆s .
(9)

Here, η = (1 + z + w)−1 with z = mu/md and w = mu/ms ≪ z

and the ∆q are given by the axial vector current matrix element

∆q Sµ = ⟨p|q̄γµγ5q|p⟩ with Sµ the proton spin.

Neutron beta decay and strong isospin symmetry considera-

tions imply ∆u−∆d = F +D = 1.269±0.003, whereas hyperon

decays and flavor SU(3) symmetry imply ∆u + ∆d − 2∆s =
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Axions as dark matter

Hot

Cold

Produced thermally in early universe
Important for ma>0.1eV (fa<108), mostly excluded by astrophysics

Produced by coherent field oscillations around mimimum of V(θ)
(Vacuum realignment)

Produced by decay of topological defects

(Axionic string decays) Still a very complicated and 

uncertain calculation!

e.g. Harimatsu et al 2012



Axion cold dark matter parameter space
fa Peccei-Quinn symmetry breaking scale
N Peccei-Quinn color anomaly

Nd Number of degenerate QCD vacua
Kim-Shifman-Vainshtein-Zakharov  
Dine-Fischler-Srednicki-Zhitnistki Couplings to quarks, leptons, and photons

HI Expansion rate at end of inflation

θi Initial misalignment angle

Harari-Hagmann-Chang-Sikivie 
Davis-Battye-Shellard Axionic string parameters

Assume N = Nd  = 1 and show results for KSVZ and HHCS string network

Thus 3 free parameters fa, θi, HI and one constraint Ωa=ΩCDM



Cold axion production in cosmology

• Initial misalignment angle θi

• Coherent axion oscillations start at temperature T1 
                                  3H(T1)=m(T1)  
 
 

• Density at T1 is  
 

• Conservation of comoving axion number gives present density Ωa

Hubble expansion parameter 
  non-standard expansion histories  
  differ in the function H(T)

T-dependent axion mass 
  axions acquire mass through  
  instanton effects at T < Λ ≈ ΛQCD

Vacuum realignment

na(T1) = 1
2ma(T1)f2

a�h✓2
i f(✓i)i

Anharmonicity correction f (θ)  
  axion field equation has anharmonic terms  

✓̈ + 3H(T )✓̇ + m2
a(T ) sin ✓ = 0



Cold axion production in cosmology

• Energy density ratio (string decay/misalignment)  
(String stretching rate)-2  

Axionic string decays

↵ ⌘ ⇢str
a

⇢mis
a

=
⇠r̄N2

d

⇣

Density enhancement 
from string decays 

Uncertainty in axion spectrum  

Fast-oscillating strings (Harari-Hagmann-Chang-Sikivie)

Slow-oscillating strings (Davis-Battye-Shellard)

r̄ = 1��
3��1 0.8

r̄ = 1��
3��1 ln(t1/�)

with a(t)∝tβ⇠ =
1

4c2

⇣
2� 3� +

p
(4c + 0)�2 � 12� + 4

⌘2

c = (1 + 2
p

⇠std)/(4⇠std)



Standard cosmology
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Axion CDM - Standard cosmology

White dwarfs cooling time

Te
ns
or
m
od
es

Θi"1

Θi"0.1

Θi"3.14

Θi"0.01

Θi"0.001

Θi"0.0001

#a $ #CDM

#a % #CDM

ADMXI
ADMXII

CARRACK

PL
A
N
C
K

PL
AN
CK

f a"
T GH

Axion isocurvature
fluctuations

104 106 108 1010 1012 1014
108

1010

1012

1014

1016

1018

10!3

10!6

10!9

10!12

HI !GeV"

f a
!G
eV
"

m
a
!e
V"

Visinelli, Gondolo 2009



Axion CDM - Standard cosmology

White dwarfs cooling time

Te
ns
or
m
od
es

Θi"1

Θi"0.1

Θi"3.14

Θi"0.01

Θi"0.001

Θi"0.0001

#a $ #CDM

#a % #CDM

ADMXI
ADMXII

CARRACK

PL
A
N
C
K

PL
AN
CK

f a"
T GH

Axion isocurvature
fluctuations

104 106 108 1010 1012 1014
108

1010

1012

1014

1016

1018

10!3

10!6

10!9

10!12

HI !GeV"

f a
!G
eV
"

m
a
!e
V"

PQ sy
mmetr

y b
rea

ks 
aft

er 

infla
tio

n en
ds

PQ sy
mmetr

y b
rea

ks 

befo
re 

infla
tio

n en
ds

Visinelli, Gondolo 2009



Axion CDM - Standard cosmology

White dwarfs cooling time

Te
ns
or
m
od
es

Θi"1

Θi"0.1

Θi"3.14

Θi"0.01

Θi"0.001

Θi"0.0001

#a $ #CDM

#a % #CDM

ADMXI
ADMXII

CARRACK

PL
A
N
C
K

PL
AN
CK

f a"
T GH

Axion isocurvature
fluctuations

104 106 108 1010 1012 1014
108

1010

1012

1014

1016

1018

10!3

10!6

10!9

10!12

HI !GeV"

f a
!G
eV
"

m
a
!e
V"

PQ sy
mmetr

y b
rea

ks 
aft

er 

infla
tio

n en
ds

Axio
n osci

lla
tio

ns s
tar

t 

durin
g i

nfla
tio

n

PQ symmetry breaks  
after inflation ends

•Average θi over Hubble volume

•Anharmonicities are important

����� �������������

� ������ ��1 �
��&

�&��
&
��
$ �,

� ����

� ����

�� ��

��������$9:

;�����$$7

θ/π

f(✓) =
h
ln e⇡2

⇡2�✓2

i7/6

• String decay contribution is 
~16% of vacuum realignment 

h✓2
i f(✓i)i = (2.96)2

Visinelli, Gondolo 2009



Axion CDM - Standard cosmology

White dwarfs cooling time

Te
ns
or
m
od
es

Θi"1

Θi"0.1

Θi"3.14

Θi"0.01

Θi"0.001

Θi"0.0001

#a $ #CDM

#a % #CDM

ADMXI
ADMXII

CARRACK

PL
A
N
C
K

PL
AN
CK

f a"
T GH

Axion isocurvature
fluctuations

104 106 108 1010 1012 1014
108

1010

1012

1014

1016

1018

10!3

10!6

10!9

10!12

HI !GeV"

f a
!G
eV
"

m
a
!e
V"

Axio
n osci

lla
tio

ns s
tar

t 

aft
er 

en
d of in

fla
tio

n

PQ sy
mmetr

y b
rea

ks 

befo
re 

infla
tio

n en
ds

!a " !CDM

!a # !CDM

109 1010 1011 1012 1013 1014 1015 1016
0.0

0.2

0.4

0.6

0.8

1.0
10!3 10!4 10!5 10!6 10!7 10!8 10!9

fa !GeV"

Θ
i#
Π

ma !eV"

• Single value of θi throughout 
Hubble volume

PQ symmetry breaks  
before inflation ends

Anharmonicities

h✓2
i f(✓i)i =

"
✓2

i +
✓

HI

2⇡fa

◆2
#

f(✓i)

•Constrained by non-adiabatic 
fluctuations HI

✓ifa
< 4.2⇥ 10�5

WMAP7 96%CL



Axion CDM - Standard cosmology

White dwarfs cooling time

Te
ns
or
m
od
es

Θi"1

Θi"0.1

Θi"3.14

Θi"0.01

Θi"0.001

Θi"0.0001

#a $ #CDM

#a % #CDM

ADMXI
ADMXII

CARRACK

PL
A
N
C
K

PL
AN
CK

f a"
T GH

Axion isocurvature
fluctuations

104 106 108 1010 1012 1014
108

1010

1012

1014

1016

1018

10!3

10!6

10!9

10!12

HI !GeV"

f a
!G
eV
"

m
a
!e
V"

ma = 85 µeV

Visinelli, Gondolo 2009



Sterile neutrinos



Active-sterile neutrino mixing

Standard model + right-handed neutrinos

Neutrino mass eigenstates are obtained by diagonalization

�Lm = y⌫v⌫L⌫R + 1
2M ⌫cR⌫R + h.c. = 1

2

⇥
⌫cL ⌫R

⇤
"

0 y⌫v

y⌫v M

#"
⌫L

⌫cR

#
+h.c.

n⌫a = cos ✓ ⌫L � sin ✓ ⌫cR
⌫s = sin ✓ ⌫L + cos ✓ ⌫cR

�Lm = 1
2ma⌫a⌫a +

1
2ms⌫s⌫s

mixing angle θ



Active-sterile neutrino mixing

Neutrinos produced in weak interactions are left-handed, while mass 
eigenstates contain a (tiny) right-handed component

Oscillations between active and sterile neutrinos

νa are ≈LH, light, with tree-level couplings (active neutrinos)
νs are ≈RH, heavy, with no tree-level coupling (sterile neutrinos)

If                , theny⌫v ⌧ M

seesaw mechanism

ms ' M, ma ' y2⌫v
2

M
⌧ M, ✓ ' y⌫v

M
⌧ 1



Neutrino mixing
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Fig. 1. Experimental and observational limits on sterile neutrinos that have a non-zero mixing
with the electron neutrino only. This figure is based on the limits from Refs. [79,61,80]. The X-ray
limits and Lyman-α limits shown here are based on the abundances of relic neutrinos produced by
neutrino oscillations for zero lepton asymmetry; see discussion in the text and in Refs. [17,81–83]

angle (see, e.g.,Refs. [77,78]) would have to overcome this enormous suppression factor. The
controversial result from LSND [84–87], later refuted by MiniBooNE [88] had affected much
of the discussion regarding the sterile neutrinos in the literature. However, the low-mass,
large mixing angle region probed by these experiments was not motivated at all by particle
physics, astrophysics, or cosmology [89]. The MiniBooNE results have no bearing on the
existence of sterile neutrinos in the mass and mixing ranges in which they can account for
the pulsar kicks and dark matter.

For masses and mixing angles as small as one needs to explain the pulsar kicks and dark
matter, the X-ray searches described below probably provide the best opportunity to make
a discovery.

Figs. 1–3 show an update of exclusion limits discussed in Refs. [61,79]. We refer the reader to
these papers for a more detailed discussion and a complete list of references. Here we briefly
summarize the origin or various limits shown in the figures.

For all cosmological limits we assume the minimal possible abundance of sterile neutrinos
consistent with standard cosmology, in which the universe was heated to temperatures above
1 GeV. (See Ref. [90] for the possibility of very low reheat temperature that could invalidate
some of the bounds.) Some limits on mass and mixing reported in the literature assume that
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Fig. 2. Same as in Fig. 1, for the sterile neutrino mixing with νµ only.

sterile neutrinos constitute 100% of cosmological dark matter, even though their abundance
would be much lower if no additional production mechanism is introduced besides neutrino
oscillations. We assume the abundance of sterile neutrinos in halos to be at the lowest value
consistent with neutrino oscilations. If some additional production mechanisms are at work
(see, e.g., Refs. [65,17,33]), then the X-ray bounds can exclude some additional parameter
space as compared to what is shown here.

The structure formation is affected if sterile neutrinos make a significant contribution to the
mass density of the universe, i.e., if they make up a non-negligible part of dark matter. The
bounds marked Large Scale Structure (LSS) are based on the analyzes of Refs. [89,61]. The
Lyman-α constraints shown in Figs. 1–3 are based on Refs. [81–83]. Part of the reason for the
difference with Refs. [91–94] is that the authors of Refs. [91–94] assume that sterile neutrinos
produced by some unspecified mechanism account for the entire observed dark matter, while
the authors of Ref. [81–83] consider the effects of the amounts of sterile neutrinos that can
be produced by neutrino oscillations. The oscillations produce a calculable amount of sterile
neutrinos in standard cosmology, while some additional mechanisms can produce and ad hoc
amount with a model-dependent free-streaming properties. The latter is a possibility, but it
is not a good assumption for setting the bounds.

Likewise, the X-ray limits, based on the non-observation of an X-ray line from the radiative
decay of sterile neutrinos (see section 7 for discussion) are shown as in Refs. [17,81,95,96],
based on the actual production rates and not on the assumption that all dark matter is
accounted for by sterile neutrinos. This makes the excluded region different from that shown

11

10
−6

10
−4

10
−2

1

10 2

10 4

10 6

10 8

10 10

10 12

10
−15
10

−14
10

−13
10

−12
10

−11
10

−10
10

−9
10

−8
10

−7
10

−6
10

−5
10

−4
10

−3
10

−2
10

−1

sin2θ1τ

m
s (

ke
V)

LSS
X−ray
BBN
CMB

SN1987A
Accelerator
Lyman−α

Fig. 3. Same as in Fig. 1, for the sterile neutrino mixing with ντ only.

in Refs. [24,97–113]

The Cosmic Microwave Background (CMB) bounds are shown as in Refs. [114,61]. The Big
Bang Nucleosynthesis (BBN) constraints are based on Refs. [115,116,61]. The supernova
1987A (SN1987A) bounds are based on Refs. [117–121,116,61]. The laboratory bounds, in-
cluding the accelerator, beta decay, and neutrino oscillations experiments are derived and/or
summarized in Refs. [79,61], where the reader can find the detailed discussion and references.

4 Dark Matter in the Form of Sterile Neutrinos

The singlet fermions are introduced to explain the observed neutrino masses, but the new
particles can make up the dark matter. Because of the small Yukawa couplings, the keV
sterile neutrinos are out of equilibrium at high temperatures. They are not produced in the
freeze-out from equilibrium. However, there are several ways in which the relic population
of sterile neutrinos could have been produced.

• Sterile neutrinos could be produced from neutrino oscillations, as proposed by Dodelson
and Widrow (DW) [21]. If the lepton asymmetry is negligible, this scenario appears to be in
conflict with a combination of the X-ray bounds [24,97–110,103,111,112,95,96,122,113] and
the Lyman-α bounds [91,92,123,94]. On the other hand, observations of dwarf spheroids
point to a non-negligible free-streaming length for dark matter [124–147], which favors

12
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Fig. 1. Experimental and observational limits on sterile neutrinos that have a non-zero mixing
with the electron neutrino only. This figure is based on the limits from Refs. [79,61,80]. The X-ray
limits and Lyman-α limits shown here are based on the abundances of relic neutrinos produced by
neutrino oscillations for zero lepton asymmetry; see discussion in the text and in Refs. [17,81–83]

angle (see, e.g.,Refs. [77,78]) would have to overcome this enormous suppression factor. The
controversial result from LSND [84–87], later refuted by MiniBooNE [88] had affected much
of the discussion regarding the sterile neutrinos in the literature. However, the low-mass,
large mixing angle region probed by these experiments was not motivated at all by particle
physics, astrophysics, or cosmology [89]. The MiniBooNE results have no bearing on the
existence of sterile neutrinos in the mass and mixing ranges in which they can account for
the pulsar kicks and dark matter.

For masses and mixing angles as small as one needs to explain the pulsar kicks and dark
matter, the X-ray searches described below probably provide the best opportunity to make
a discovery.

Figs. 1–3 show an update of exclusion limits discussed in Refs. [61,79]. We refer the reader to
these papers for a more detailed discussion and a complete list of references. Here we briefly
summarize the origin or various limits shown in the figures.

For all cosmological limits we assume the minimal possible abundance of sterile neutrinos
consistent with standard cosmology, in which the universe was heated to temperatures above
1 GeV. (See Ref. [90] for the possibility of very low reheat temperature that could invalidate
some of the bounds.) Some limits on mass and mixing reported in the literature assume that
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sterile neutrinos constitute 100% of cosmological dark matter, even though their abundance
would be much lower if no additional production mechanism is introduced besides neutrino
oscillations. We assume the abundance of sterile neutrinos in halos to be at the lowest value
consistent with neutrino oscilations. If some additional production mechanisms are at work
(see, e.g., Refs. [65,17,33]), then the X-ray bounds can exclude some additional parameter
space as compared to what is shown here.

The structure formation is affected if sterile neutrinos make a significant contribution to the
mass density of the universe, i.e., if they make up a non-negligible part of dark matter. The
bounds marked Large Scale Structure (LSS) are based on the analyzes of Refs. [89,61]. The
Lyman-α constraints shown in Figs. 1–3 are based on Refs. [81–83]. Part of the reason for the
difference with Refs. [91–94] is that the authors of Refs. [91–94] assume that sterile neutrinos
produced by some unspecified mechanism account for the entire observed dark matter, while
the authors of Ref. [81–83] consider the effects of the amounts of sterile neutrinos that can
be produced by neutrino oscillations. The oscillations produce a calculable amount of sterile
neutrinos in standard cosmology, while some additional mechanisms can produce and ad hoc
amount with a model-dependent free-streaming properties. The latter is a possibility, but it
is not a good assumption for setting the bounds.

Likewise, the X-ray limits, based on the non-observation of an X-ray line from the radiative
decay of sterile neutrinos (see section 7 for discussion) are shown as in Refs. [17,81,95,96],
based on the actual production rates and not on the assumption that all dark matter is
accounted for by sterile neutrinos. This makes the excluded region different from that shown
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in Refs. [24,97–113]

The Cosmic Microwave Background (CMB) bounds are shown as in Refs. [114,61]. The Big
Bang Nucleosynthesis (BBN) constraints are based on Refs. [115,116,61]. The supernova
1987A (SN1987A) bounds are based on Refs. [117–121,116,61]. The laboratory bounds, in-
cluding the accelerator, beta decay, and neutrino oscillations experiments are derived and/or
summarized in Refs. [79,61], where the reader can find the detailed discussion and references.

4 Dark Matter in the Form of Sterile Neutrinos

The singlet fermions are introduced to explain the observed neutrino masses, but the new
particles can make up the dark matter. Because of the small Yukawa couplings, the keV
sterile neutrinos are out of equilibrium at high temperatures. They are not produced in the
freeze-out from equilibrium. However, there are several ways in which the relic population
of sterile neutrinos could have been produced.

• Sterile neutrinos could be produced from neutrino oscillations, as proposed by Dodelson
and Widrow (DW) [21]. If the lepton asymmetry is negligible, this scenario appears to be in
conflict with a combination of the X-ray bounds [24,97–110,103,111,112,95,96,122,113] and
the Lyman-α bounds [91,92,123,94]. On the other hand, observations of dwarf spheroids
point to a non-negligible free-streaming length for dark matter [124–147], which favors
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Fig. 1. Experimental and observational limits on sterile neutrinos that have a non-zero mixing
with the electron neutrino only. This figure is based on the limits from Refs. [79,61,80]. The X-ray
limits and Lyman-α limits shown here are based on the abundances of relic neutrinos produced by
neutrino oscillations for zero lepton asymmetry; see discussion in the text and in Refs. [17,81–83]

angle (see, e.g.,Refs. [77,78]) would have to overcome this enormous suppression factor. The
controversial result from LSND [84–87], later refuted by MiniBooNE [88] had affected much
of the discussion regarding the sterile neutrinos in the literature. However, the low-mass,
large mixing angle region probed by these experiments was not motivated at all by particle
physics, astrophysics, or cosmology [89]. The MiniBooNE results have no bearing on the
existence of sterile neutrinos in the mass and mixing ranges in which they can account for
the pulsar kicks and dark matter.

For masses and mixing angles as small as one needs to explain the pulsar kicks and dark
matter, the X-ray searches described below probably provide the best opportunity to make
a discovery.

Figs. 1–3 show an update of exclusion limits discussed in Refs. [61,79]. We refer the reader to
these papers for a more detailed discussion and a complete list of references. Here we briefly
summarize the origin or various limits shown in the figures.

For all cosmological limits we assume the minimal possible abundance of sterile neutrinos
consistent with standard cosmology, in which the universe was heated to temperatures above
1 GeV. (See Ref. [90] for the possibility of very low reheat temperature that could invalidate
some of the bounds.) Some limits on mass and mixing reported in the literature assume that
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Figure 5: The parameter values that, according to our theoretical computation (cf. figure 4 and
eq. (4.10)), lead to the correct dark matter abundance in the Dodelson-Widrow scenario; if addi-
tional sources are present, sin22θ must lie below the curves shown. The grey region between case 1
(lower solid line) and case 2 (upper solid line) corresponds to different patterns of the active-sterile
mixing angles, cf. eqs. (6.1), (6.2). The absolute upper and lower bounds correspond to one of these
limiting patterns with simultaneously the uncertainties from the EOS and from hadronic scatterings
set to their maximal values. The yellow band indicates the result in eq. (7) of ref. [13],2 where we
have inserted Ωdm = 0.20, and varied the parameter Tc in the range Tc = (150 . . .200)MeV.

Dirac neutrino masses |MD|α1, at least when plotted on a logarithmic scale.

If we ignore the dependence of Cα on M1 and α in figure 4, setting Cα ≃ 0.5, we obtain

a very simple but useful approximate bound,

sin2(2θ) ≈ 4
!

α=e,µ,τ

θ2
α1 <∼ 8 × 10−8

"

M1

keV

#−2

. (6.3)

More precise expressions, based on fitting the numerical data, will be given in eqs. (7.1)

of the next section. In figure 5 the units on the y-axis have been so chosen that a direct

comparison with the approximate formula in eq. (6.3) is possible.2

An alternative normalization of the sterile neutrino abundance is given in eq. (4.7),

and the corresponding results are plotted in figure 6. It is observed that the abundance

generated is typically much below its equilibrium value, as expected [recall that in order

to avoid overclosure, (|MD|α1/0.1 eV)2 <∼ a few, cf. eq. (4.12) and figure 4].

2Ref. [13] does not state explicitly the sterile neutrino mass range in which its eq. (7) should be valid.

After the eprint version of our paper had appeared, we were informed by K. Abazajian that eq. (7) of

ref. [13] was meant to be valid for 0.5 keV < M1 < 10 keV.
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• Sterile neutrinos are produced from oscillations of active neutrinos in 
the early universe (T~100 MeV) Dodelson, Widrow 1994 

• Mass > 0.3 keV (Tremaine-Gunn bound)

• In the presence of a large lepton 
asymmetry, oscillation production is 
enhanced Shi, Fuller 1999

• In a model with three generations 
of sterile neutrinos (νMSM), decay 
of the two heavy neutrinos can 
generate a lepton asymmetry then 
converted to baryon asymmetry, 
and the light sterile neutrino can be 
the dark matter
Laine, Shaposhnikov 2008 
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While not in contradiction with supernova 1987A bounds [121], the decays of these neutrinos
could produce a flux of energetic active neutrinos, detectable by future neutrino observations
in the event of a galactic supernova [263]. Moreover, the relevant range of sterile neutrino
masses and mixing angles can be probed in future laboratory experiments [266–270].

7 X-ray Detection of Relic Sterile Neutrinos

The main decay mode of sterile neutrinos in the keV mass range is νs → 3ν. This decay mode
is “invisible” due to the low energy of the daughter neutrinos. In addition to this leading
mode of decay that occurs through a tree-level diagram, there are also one-loop diagrams
(Fig. 12) that allow for a photon in the final state. Therefore, the sterile neutrinos can decay
into the lighter neutrinos and an the X-ray photons: νs → γνa [271]. The radiative decay
width is equal to [271,272]

Γνs→γνa
=

9

256π4
αEM G2

F sin2 θ m5
s

=
1

1.8 × 1021s
sin2 θ

!

ms

keV

"5

, (51)

and the corresponding lifetime is many orders of magnitude longer than the age of the
universe. However, since sterile neutrinos are produced in the early universe by neutrino
oscillations and, possibly, by other mechanisms as well, every dark matter halo should contain
some fraction of these particles. Given a large number of particles in these astrophysical
systems, even a small decay width can make them observable via the photons produced in
the radiative decay. This offers, arguably, the best opportunity to detect these particles.
Since ν(m)

2 → γν(m)
1 is a two-body decay, the resulting photons have energy

Eγ = ms/2,

which corresponds to a line broadened only by the velocity dispersion of the dark matter
particles in a given halo. This line, with photon energy of a few keV, can be observed using
an X-ray telescope [24].
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Fig. 12. Radiative decay of sterile neutrinos, ν
(m)
2 → γν

(m)
1 . The X-rays produced by these decays

can be detected by the X-ray telescopes, such as Chandra, Suzaku, XMM-Newton, and the future
Constellation-X.

A broad range of astrophysical systems can provide suitable targets for such observations. A
concise discussion and comparison of such observational targets can be found in Ref. [102].
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Limits on sterile neutrino dark matter
Sterile neutrinos are warm dark matter

Matter Power 
Spectrum

Abazajian 2005

5

decay rate increases as the fifth power, but the number
density in the field of view decreases proportionally with
the mass. Using the production relationship, Eq. (7), the
diffuse X-ray background limit of Ref. [57] is

ms < 8.89 keV

!

ΩDM

0.26

"0.538

, (9)

for central values of the cosmological parameters, and is
shown in Fig. 2. The constraints from unresolved X-ray
sources derived by Mapelli & Ferrara [58] are similar to
Eq. (9), when using the production relation Eq. (7) [59].

III. PERTURBATION EVOLUTION

The standard cosmological model of structure forma-
tion from adiabatic Gaussian fluctuations seeded by an
inflationary epoch is affected by perturbation growth in
the radiation through matter dominated eras. The distri-
bution of velocities of the dark matter suppresses fluctua-
tions below its free streaming scale, which increases with
the mean dark matter velocities and decreases with its
mass. Since sterile neutrinos are produced non-thermally,
their full energy distribution must be included in an ac-
curate calculation of the fluctuation spectrum arising
from the linear growth epoch. I use the approach of
the covariant multipole perturbation evolution equations
for massive neutrinos in Ref. [60] and implemented in
the Code for Anisotropies in the Microwave Background
(CAMB) [61]. The multipole equations depend on the
value of the massive neutrino energy distribution and
its momentum derivative, but I will not reproduce them
here.

I calculate the growth of perturbations through the
radiation and matter dominated epochs of sterile neu-
trino dark matter with CAMB. I include directly
the numerically-calculated momentum-dependent sterile
neutrino distribution functions and their derivatives from
the solution of the quasi-classical Boltzmann Eq. (1) as
described in the previous section. The resulting linear
matter power spectra today at redshift zero are shown in
Fig. 3 for a range of sterile neutrino masses from 0.3 to
140 keV, along with the related CDM case.

A useful form of the suppressed perturbation power
spectrum Psterile(k) relative to the CDM case is a sterile
neutrino transfer function of the form

Ts(k) ≡

#

Psterile(k)

PCDM(k)
, (10)

which can be used to convert any CDM transfer function
to that of sterile neutrino dark matter. I find a fitting
function that describes the transfer function of the form

Ts(k) = [1 + (αk)ν ]
−µ

, (11)

where

α = a
$ ms

1 keV

%b
!

ΩDM

0.26

"c !

h

0.7

"d

h−1 Mpc, (12)

FIG. 3: Shown are the resulting linear matter power spectra
for nonthermal sterile neutrinos in the mass range 0.3 < ms <
140 keV (gray/cyan). The thick (red) low-k suppression case
is for the lower-mass limit inferred from the Lyman-α forest
(ms > 1.7 keV) , and the thick (blue) high-k suppression case
is for the upper-mass limit from X-ray observations of the
Virgo cluster (ms < 8.2 keV). The CDM case is the dashed
(black) line. Measures of large-scale structure in the linear
regime are in the region of 0.01h Mpc−1 < k < 0.2h Mpc−1

for galaxy surveys, while neutral gas clustering observed in
the Ly-α forest may extend observations of linear structure
to 0.1h Mpc−1 < k < 3h Mpc−1.

and a = 0.189, b = −0.858, c = −0.136, d = 0.692,
ν = 2.25, and µ = 3.08. The fitting form is valid for 0.3 !
ms ! 15 keV. This fitting function is shown relative to
the numerical results in Fig. 4 as well as previous results
by Ref. [44]. Note that all of the features of the numerical
results are not obtained in the fit due to the nonthermal
character of the sterile neutrino distribution, particularly
for ms = 1.7 keV where peak production occurs near the
quark-hadron transition.

The result presented here for the relative sterile neu-
trino transfer function is similar, yet significantly differ-
ent from previous work [43, 44], with the difference at-
tributed the use here of the non-thermal sterile neutrino
momentum distribution due to the physics described in
§II. The results derived here differ in cosmological pa-
rameter dependence of Ts(k) from 2% to 18% and in
the rapidity of the cutoff µ at 45% relative to that in
Refs. [43, 44]. Using the transfer function derived here
and small scale clustering data sets including the inferred
matter power spectrum from the high-resolution Lyman-
α forest from Viel et al. [62], Ref. [42] found lower lim-
its on the mass of the sterile neutrino dark matter at
1.7 keV (95%CL) from the CMB, the SDSS 3D Pg(k)
of galaxies [63] plus SDSS Lyman-α forest [64], and a
lower limit of 3.0 keV (95%CL) if the inferred matter
power spectrum from the high-resolution Lyman-α for-
est of Ref. [62] is used, which however has significant
systematic uncertainties.

140 keV
Small scale 
structure is 
erased
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Figure 4: The central region of Fig. 3, M1 = 0.3 . . .100.0 keV, compared with regions excluded
by various X-ray constraints [22, 25, 30, 31], coming from XMM-Newton observations of the Large
Magellanic Cloud (LMC), the Milky Way (MW), and the Andromeda galaxy (M31). SPI marks the
constraints from 5 years of observations of the Milky Way galactic center by the SPI spectrometer on
board the Integral observatory.

dark matter simulations, which have not been carried out with actual non-equilibrium spec-

tra so far. Nevertheless, adopting a simple recipe for estimating the non-equilibrium effects

(cf. Eq. (5.1)), the results of refs. [34, 35] can be re-interpreted as the constraints M1 >∼ 11.6

keV and M1 >∼ 8 keV, respectively (95% CL), at vanishing asymmetry [12]. Very recently

limits stronger by a factor 2–3 have been reported [36]. We return to how the constraints

change in the case of a non-zero lepton asymmetry in Sec. 5. We note, however, that the

most conservative bound, the so-called Tremaine-Gunn bound [52, 53], is much weaker and

reads M1 >∼ 0.3 keV [54], which we have chosen as the lower end of the horizontal axes in

Figs. 4, 6.

In Fig. 5 we show examples of the spectra, for a relatively small mass M1 = 3 keV (like

in Fig. 1), at which point the significant changes caused by the asymmetry can be clearly

identified. The general pattern to be observed in Fig. 5 is that for a small asymmetry, the

distribution function is boosted only at very small momenta. Quantities like the average

momentum ⟨q⟩s then decrease, as can be seen in Fig. 6. For large asymmetry, the resonance

affects all q; the total abundance is strongly enhanced with respect to the case without a

resonance, but the shape of the distribution function is less distorted than at small asymmetry,

so that the average momentum ⟨q⟩s returns back towards the value in the non-resonant case.

Therefore, for any given mass, we can observe a minimal value of ⟨q⟩s in Fig. 6, ⟨q⟩s >∼ 0.3⟨q⟩a.
This minimal value is remarkably independent of M1, but the value of asymmetry at which
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DM density
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An unidentified 3.5 keV X-ray 
line has been reported in galaxy 
clusters and in the Andromeda 
galaxy

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

!

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

"

Ωfov

500 arcmin2

#

× (1)
"

SDM

500 M!/pc2

#

1029 s

τDM

"

keV

mDM

#

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).
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Figure 4: The central region of Fig. 3, M1 = 0.3 . . .100.0 keV, compared with regions excluded
by various X-ray constraints [22, 25, 30, 31], coming from XMM-Newton observations of the Large
Magellanic Cloud (LMC), the Milky Way (MW), and the Andromeda galaxy (M31). SPI marks the
constraints from 5 years of observations of the Milky Way galactic center by the SPI spectrometer on
board the Integral observatory.
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identified. The general pattern to be observed in Fig. 5 is that for a small asymmetry, the

distribution function is boosted only at very small momenta. Quantities like the average

momentum ⟨q⟩s then decrease, as can be seen in Fig. 6. For large asymmetry, the resonance

affects all q; the total abundance is strongly enhanced with respect to the case without a

resonance, but the shape of the distribution function is less distorted than at small asymmetry,

so that the average momentum ⟨q⟩s returns back towards the value in the non-resonant case.

Therefore, for any given mass, we can observe a minimal value of ⟨q⟩s in Fig. 6, ⟨q⟩s >∼ 0.3⟨q⟩a.
This minimal value is remarkably independent of M1, but the value of asymmetry at which
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