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Astrophysical constraints on dark matter II



Problems with the standard Cold Dark Matter model

2. ‘Missing satellites problem’: 
Simulations have more dark matter subhalos than there are 
observed dwarf satellite galaxies

1. Density of dark matter halos:  
Faint, dark matter-dominated galaxies appear less dense that 
predicted in simulations  
!



3 possible directions from here:

Solutions to the issues in Cold Dark Matter

1. Discuss how to construct and simulate non-CDM models [e.g. 
K. Zurek talk, Feng, et al. 2010; Loeb & Weiner 2011; van den Aarssen 2012; Tulin, Yu, Zurek 2013, Fan et al. 
2013]

2. Talk about how baryons may alter dark matter distributions 
[Wadepuhl & Springel MNRAS 2011; Parry et al. MRNAS 2011; Pontzen & Governato MRNAS 2012; Brooks et 
al. ApJ 2012] 

3. Understand how to measure macroscopic dark matter 
distributions [This talk]



• First comparisons of HI rotation curves with CDM simulations 
[Moore 1994; Flores & Primack 1994] 

Low Surface Brightness (LSB) Galaxies

• LSBs are late-type, gas-rich, dark matter-dominated disk galaxies 
[see review by de Blok et al. 2010]

• HI and Halpha results hinted at cored (non NFW) profiles. But 2 
systematics:  
  
 1. Pointing problems 
!

 2. Non-circular motions 
 



• THINGS survey observes HI gas in LSBs and obtain a mean 
slope of 0.29 \pm 0.07 for (Oh et al. ApJ 2011)

Low Surface Brightness Galaxies

• Most systematics mitigated with 2D rotation curves from Integral 
Field Unit (IFU) spectrographs 

• Kinematics as measured from Gas and Stars can give different 
slopes. Stars: 0.67 \pm 0.10; Gas: 0.58 \pm 0.24 (Adams et al. 2014)



Galaxy clusters

• Several observational tools: Strong and weak gravitational lensing, 
X-ray emission, stellar kinematics 

• Measurement of clusters at z = 0.2-0.3 find that the total density 
profile (stars + dark matter) is consistent with NFW model

• However dark matter profiles are shallower than NFW: average 
inner slope is about 0.5 \pm 0.2 (Newman, Treu, Ellis, Sand et al. 2013)



Brighter 
galaxies

A population of missing massive satellites?

✦ Cold dark matter predicts dozens 
of ‘dark’ satellites more massive 
than the dwarf spheroidals  
(‘Too big to fail problem’)

Strigari et al. Nature 2008;  
Boylan-Kolchin et al. MNRAS 2011

✦ Possible solutions: 
1) New dark matter physics 
2) ‘Pesky’ baryons 
3) Observational systematics

Luminosity-mass mapping
Inhomogeneous Reionization and Satellites Galaxies 3

vast majority of the ∼ 2500 potential satellite galaxies; for
these low-mass halos, all star formation must happen before
zreion. With this in mind, we can define a subhalo as being a
satellite galaxy using a two parameter model: A subhalo must
grow to a threshold mass, Mt, above which HI cooling will
allow star formation, before the host halo reionizes at zreion in
order to host a satellite.
While we demonstrate the effects of varying both param-

eters in the next section, the work of Abel et al. (2002) uses
high resolution AMR simulations to model the formation of

the first stars and indicates that we anticipate Mt ≈ 106 −

107h−1M⊙. It is important to note that this process of hy-
drogen cooling simply defines a minimum mass of the pop-
ulation of the dark matter subhalos that could host satellite
galaxies. However, this work predicts the stars forming in
these halos to be very massive and short–lived. As such
these very first star forming halos cannot be the direct pro-
genitors of Milky Way satellites, which are observed to be
metal-enriched objects with stars presumably of masses less
than a solar mass. More relevant here are the calculations of
Wise & Abel (2008), who followed the build up of halos up
to the masses when they start cooling via Lyman-alpha from
neutral hydrogen. They included the radiative as well as the
supernova feedback from the first generation of massive stars.
The short-lived sources keep ionizing the baryonic material
in the halos they form in, as well as their surroundings. How-
ever, as they turn off, material can cool again and repopulate
the dark matter halos. So while the baryon fraction (Fig. 4 in
Wise & Abel 2008) fluctuates and decreases at times to as lit-
tle as 10%, star formation can continue as long as no sustained
external UV flux sterilizes the halo. The latter case severely
limits star formation and has been discussed many time in the
literature (e.g., Babul & Rees 1992; Thoul & Weinberg 1996;
Kepner et al. 1999; Dijkstra et al. 2004). It seems clear then
from the limited guidance we have from numerical simula-
tions that most Milky Way satellite halo progenitors experi-
encedmost of their star formation before they are permanently
ionized.
Once we have identified satellite galaxies in the simula-

tion, we must assign magnitudes to them in order to make
direct comparisons with observations and to account for ob-
servational completeness effects. This is done using two
methods. First, we use a halo abundance matching method
(Kravtsov et al. 2004a; Blanton et al. 2008). Here, luminosi-
ties are assigned to halos by assuming a one-to-one corre-
spondence between n(< MV ), the observed number density
of galaxies brighter than Mv, with n(> vmax), the number
density of simulated halos with maximum circular veloci-
ties larger than vmax. For the distribution of magnitudes, we
use the double-Schechter fit of Blanton et al. (2005) for low
luminosity SDSS galaxies in the g− and r−bands down to
Mr = −12.375. The vmax values are taken from the halo catalog
of a 160 Mpc/h simulation complete down to vmax ≈ 90km/s.
In order to extrapolate this to lower circular velocities, we
calculate a power-law fit to the low end of the dn/dvmax func-
tion. The resulting correspondence is shown in Figure 1 for
the r−, g−, andV−bands (red, green, and black curves). TheV
band magnitudes are calculated using the transformationV =
g − 0.55(g− r) − 0.03 from Smith et al. (2002). This method
implicitly assumes that all galaxies have average color. Since
the data from Blanton et al. (2005) is not deep enough to map
onto the dwarf galaxy distribution, we use a power law to ex-
trapolate the MV (vmax) relation to lower magnitudes. For the
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FIG. 1.— The relationship between magnitude and vmax for the r−, g−, and
V− bands using abundance matching (solid red, green and black lines). The
dashed lines show power law fits to the low-luminosity end.

V−band, we get

MV −5log(h) = 18.2−2.5log

!

" vmax

1km/s

#7.1
$

. (1)

When selecting the appropriate vmax for assigning a luminos-
ity, we follow the method of Conroy et al. (2006) and choose
the peak vmax over the trajectory of the subhalo for subhalos

that eventually cross the 105K post-reionization star forming
threshold. For subhalos that never reach this threshold, we use
the value of vmax at zreion. In both cases, this then corresponds
roughly to the mass the halo had at the redshift they stopped
rapidly forming stars.
The appeal of this method is that we are able to ignore

much of the poorly understood (and poorly simulated) physics
of galaxy formation using a statistical method that has been
shown to, on average, reproduce a wide variety of observ-
able properties for moremassive galaxies (Conroy et al. 2006;
Conroy & Wechsler 2009), as well as some properties of
dwarf galaxies down to vmax ∼ 50km/s (Blanton et al. 2008).
It is still unclear how this method will fare at lower masses;
it must break down for small halos once they no longer host
one galaxy on average. If this transition is sharp, however,
it may be a reasonable approximation for most of the mass
range where halos host galaxies.
As a second approach for assigning magnitudes, we use a

toy model to predict the star formation rate and stellar mass
of a satellite combined with the stellar population synthesis
(SPS) code of Bruzual & Charlot (2003)3. Here, we again as-
sume that star formation begins when the satellite first crosses
the mass threshold, Mt, and ends at the reionization time,
zreion. During this period, the star formation rate is set by the
dark matter mass of the subhalo,

SFR =

%

ϵ
"

fcoldgas
MDM

1 M⊙

#α

ifMDM >Mt, z> zreion

0 otherwise
(2)

where fcoldgas is the fraction of cold gas in the halo, and
α and ϵ are free parameters. This is similar to model 1B
of Koposov et al. (2009), with a couple of key differences.
First, we impose a hard truncation of star formation at the
epoch of reionization, something they only consider using

3 http://www.cida.ve/ bruzual/bc2003
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Warm dark matter simulations

Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.
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Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M⊙ in the WDM case, and 6.0 × 109M⊙ in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-

c⃝ 2011 RAS, MNRAS 000, ??–8

Satellite Galaxies in WDM 5

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square
of the density, and hue the projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high
velocity dispersion). Each box is 1.5 Mpc on a side. Note the sharp caustics visible at large radii in the WDM image, several of which
are also present, although less well defined, in the CDM case.
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Figure 4. The correlation between subhalo maximum circular
velocity and the radius at which this maximum occurs. Sub-
haloes lying within 300kpc of the main halo centre are in-
cluded. The 12 CDM and WDM subhaloes with the most mas-
sive progenitors are shown as blue and red filled circles respec-
tively; the remaining subhaloes are shown as empty circles. The
shaded area represents the 2σ confidence region for possible hosts
of the 9 bright Milky Way dwarf spheroidals determined by
Boylan-Kolchin et al. (2011).

the same radii in the simulated subhaloes. To provide a fair
comparison we must choose the simulated subhaloes that
are most likely to correspond to those that host the 9 bright
dwarf spheroidals in the Milky Way. As stripping of sub-
haloes preferentially removes dark matter relative to the
more centrally concentrated stellar component, we choose to

associate final satellite luminosity with the maximum pro-
genitor mass for each surviving subhalo. This is essentially
the mass of the object as it falls into the main halo. The
smallest subhalo in each of our samples has an infall mass
of 3.2 × 109M⊙ in the WDM case, and 6.0 × 109M⊙ in the
CDM case.

The LMC, SMC and the Sagittarius dwarf are all
more luminous than the 9 dwarf spheroidals considered by
Boylan-Kolchin et al. (2011) and by us. As noted above, the
Milky Way is exceptional in hosting galaxies as bright as
the Magellanic Clouds, while Sagittarius is in the process of
being disrupted so its current mass is difficult to estimate.
Boylan-Kolchin et al. hypothesize that these three galaxies
all have values of Vmax > 60kms−1 at infall and exclude sim-
ulated subhaloes that have these values at infall as well as
Vmax > 40kms−1 at the present day from their analysis. In
what follows, we retain all subhaloes but, where appropri-
ate, we highlight those that might host large satellites akin
to the Magellanic Clouds and Sagittarius.

The circular velocity curves at z = 0 for the 12 sub-
haloes which had the most massive progenitors at infall are
shown in Fig. 5 for both WDM and CDM. The circular
velocities within the half-light radius of the 9 satellites mea-
sured by Wolf et al. (2010) are also plotted as symbols. Leo-
II has the smallest half-light radius, ∼ 200pc. To compare
the satellite data with the simulations we must first check
the convergence of the simulated subhalo masses within at
least this radius. We find that the median of the ratio of the
mass within 200pc in the Aq-W2 and Aq-W3 simulations is
W 2/W 3 ∼ 1.22, i.e., the mass within 200pc in the Aq-W2
simulation has converged to better than ∼ 22%.

As can be inferred from Fig. 5, the WDM subhaloes
have similar central masses to the observed satellite galax-

c⃝ 2011 RAS, MNRAS 000, ??–8

Cold dark matter Warm dark matter

Lovell et al 2011



Decaying dark matter simulations

Cold dark matter Decaying dark matter

Mei-Yu Wang et al 2014



Self-interacting dark matter simulations

✦ Simulations show halos, subhalos 
less dense, more spherical than cold 
dark matter

6 M. Vogelsberger et al.

Figure 3. Density projections of the Aq-A halo for the different DM models of Table 1 (RefP0-3). The projection cube has a side length of 270 kpc. Clearly,
the disfavoured RefP1 model with a large constant cross section produces a very different density distribution with a spherical core in the centre, contrary to
the elliptical and cuspy CDM halo. Also, substructures are less dense and more spherical in this simulation. The vdSIDM models RefP2 and RefP3 on the
other hand can hardly be distinguished from the CDM case (RefP0).

for the different models. whereas the right panel shows the mean
free path � = (⇢ h�

T

/m

�

i)�1 as a function of radius for the SIDM
models. The dotted, dashed and solid lines show different levels
of resolution, characterised by a particle mass m

p

and a Plummer
equivalent gravitational softening length ✏: Aq-A-5 (m

p

= 3.143⇥
106 M�, ✏ = 684.9 pc), Aq-A-4 (m

p

= 3.929 ⇥ 105 M�, ✏ =
342.5 pc) and Aq-A-3 (m

p

= 4.911⇥104 M�, ✏ = 120.5 pc). The
runs show good convergence for radii larger than 2.8✏ indicated by
the vertical lines.

In the figure we see that RefP1 develops a large core reach-
ing the solar circle (⇠ 7 kpc). This is because the cross section
has no velocity dependence in this case and the particle scattering

works at full strength irrespective of (sub)halo mass. Although this
case is ruled out by current astrophysical constraints (see Section
2.1), it serves as a reference for the effect of a large scattering cross
section at the scales of MW-like haloes in a full cosmological sim-
ulation. On the contrary, RefP2 and RefP3 result in a main halo
whose density profile follows very closely the one from the CDM
prediction of RefP0 down to 1 kpc from the centre. At smaller radii,
where the typical particle velocities are smaller, self-interaction is
large enough to produce a core. The mean free path radial profile
clearly illustrates the radius where collisions are more important
for the different SIDM models, which is around the core radius. It
also highlights the difference between the RefP2 and RefP3 mod-

© 2012 RAS, MNRAS 000, 1–14

Vogelsberger et al 2012

✦ Canonical WIMP model: 
Interaction rate in Milky Way 1013 
times greater than age of 
Universe!

✦ Upper bounds 20 orders of 
magnitude greater than 
corresponding WIMP cross section

✦ Models with `dark’ photons 



• Cosmological model is correct. It’s just the baryons! [e.g Wadepuhl & 
Springel MNRAS 2011; Parry et al. MRNAS 2011; Pontzen & Governato MRNAS 2012; Brooks 
et al. ApJ 2012]

 Non-dark matter ways out

• Is Milky Way galaxy an odd ball? [e.g. Liu et al. 2010, Tollerud et al. 2011, Guo et 
al. 2011, Strigari & Wechsler ApJ 2012, Nierenberg et al. 2013]

• Maybe we don’t know circular velocities of dSph dark matter halos 
after all (e.g. Stoehr et al. 2002)

Solutions to satellites issues: Redux

• Is our estimate of Milky Way-mass wrong? [e.g. Wang et al. 2013]



Too big to Fail in large scale context 

• At the moment we are comparing a handful of theories (simulations) 
to one, maybe two, data points (MW and M31). 

• We don’t have any idea on a large scale of how representative the 
Milky Way galaxies is in terms of its populations of satellites

• It’s difficult to count satellites around other ``Milky Ways”, because 
the satellites are faint and systematic issues 



Dwarf spheroidals around other ‘Milky Ways’

✦ Going fainter difficult because 
unreliable distances to satellites 

Faintest satellites in SDSS

•Very few systems with spectra 
for Fornax-like satellites

•About 1,000 systems with 
photometric redshifts for Fornax-
like satellites ✦ Can only use bright, nearby ‘Milky 

Ways’

• About 5% of ‘Milky Ways’ have 
‘Magellanic Clouds’ [Liu et al. 2010, Lares et 
al. 2011; James & Ivory 2011; Tollerud et al. 2011; 
Guo et al. 2011; Robotham et al. 2012]

• Down to limits of modern surveys, 
Milky Way is ‘normal’ [Guo et al. MNRAS 2012; 
Strigari & Wechsler ApJ 2012; Speller & Taylor ApJ 
2014]



Program redux

1. Day I (Yesterday, some today): Macroscopic astronomical measurements 
and their implications for the nature of dark matter  

  
• Small-scale dark matter structure: density profiles, missing satellites 

!

• Cold, warm, self-interacting dark matter 
!

  
  
 
2. Day II (Rest of today): Astrophysical interplay in `classical’ dark matter 
searches  
!

• Indirect and direct dark matter detection 
  
• Neutrino Floor 



 Astrophysical interplay with   
Indirect dark matter detection



Indirect dark matter detection with gamma rays

✦ 100 GeV mass WIMPs gives photons in the gamma-ray band, ~ 10 MeV - 10 GeV

✦ Tens to hundreds of photons produced per WIMP annihilation

Siegal-Gaskins, next week

Annihilation 
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Fermi All-sky search strategies

•Satellite galaxies

•Galactic center

•Galaxy clusters

Interesting dark 
matter sources

Dark matter/gamma-ray map

Alex Drlica-Wagner   |   Fermi DM Overview

Dwarf Galaxies:
•Known location and 
dark matter content
•Low statistics

Pieri et al. (2011)

Milky Way halo:
•Large statistics 
•Diffuse background

Dark Matter in the Milky Way Halo

Low-Mass Satellites:
•Start with known 
gamma-ray emission
•Unknown origin

Galaxy clusters:
•Possibly large statistics
•Astrophysical signal 
expected

Electrons and Positrons!

Galactic Center:
•Large statistics 
•Lots of astrophysics

Spectral lines:
•“Clean” from 
astrophysics 
•Low statistics

Extragalactic background:
•Large statistics
•Lots of astrophysics

Particle Dark Matter 
detectable from all 
astrophysical sources!



Milky Way satellite galaxies (dwarf spheroidals)

✦ Dark matter masses from 
motions of individual stars

✦ Most dark matter-dominated 
galaxies known

✦ Luminosities from hundreds to millions Solar luminosities

✦ No high energy gamma-rays from astrophysical sources

✦ Interesting astrophysical 
systems!



Measured dark matter distributions

Alex Drlica-Wagner   |   UCLA DM 2014
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18 dwarf galaxies have 
well-determined J-factors.

Methodology from 
Strigari et al. 2007, 
2008; Martinez 2013; 
Geringer-Sameth et 
al. 2014



Satellite galaxies in visible light and gamma-rays

Draco

Segue 1

Visible 
Light
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rays



Dark matter bounds from Fermi-LAT 5

considered in our analysis becomes:

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

⇥ 1

ln(10) Ji
⌃
2�⇥i

e�(log10(Ji)�log10(Ji))
2
/2�2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that

is commonly used in a standard single ROI analysis
of the LAT data, i indexes the ROIs, D represents
the binned gamma-ray data, pW represents the set of
ROI-independent DM parameters (⌅⇥annv⇧ ,mW , and the
annihilation branching ratios bf ), {p}i are the ROI-
dependent model parameters. In this analysis, {p}i in-
cludes the normalizations of the nearby point and dif-
fuse sources and the J-factor, Ji. log10(Ji) and ⇥i are
the mean and standard deviation of the distribution of
log10 (Ji), approximated to be gaussian, and their values
are given in cols. 5 and 6 respectively of Table I.

The fit proceeds as follows. For given fixed values of
mW and bf , we optimize � lnL, with L given in eq. 1.
Confidence intervals or upper limits, taking into account
uncertainties in the nuisance parameters, are then com-
puted using the ‘profile likelihood’ technique, which is a
standard method for treating nuisance parameters in like-
lihood analyses (see e.g., [30]), and consists of calculat-
ing the profile likelihood � lnLp(⌅⇥annv⇧) for several fixed
masses mW , where for each ⌅⇥annv⇧, � lnL is minimized
with respect to all other parameters. The intervals are
then obtained by requiring 2� ln(Lp) = 2.71 for a one-
sided 95% confidence level. The MINUIT subroutine MI-
NOS [31] is used as the implementation of this technique.
Note that uncertainties in the background fit (di⇥use and
nearby sources) are also treated in this way. The cover-
age of this profile joint likelihood method for calculating
confidence intervals has been verified using toy Monte
Carlo for a Poisson process with known background and
Fermi-LAT simulations of galactic and isotropic di⇥use
gamma-ray emission. The parameter range for ⌅⇥annv⇧
is restricted to have a lower bound of zero, to facilitate
convergence of the MINOS fit, resulting in slight over-
coverage for small signals, i.e. conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-
its. Individual and combined upper limits on the anni-
hilation cross section for the bb̄ final state are shown in
Fig. 1, see also [32]. Including the J-factor uncertainties
in the fit results in increased upper limits compared to
using the nominal J-factors. Averaged over the WIMP
masses, the upper limits increase by a factor up to 12
for Segue 1, and down to 1.2 for Draco. Combining the
dSphs yields a much milder overall increase of the upper

FIG. 1. Derived 95% C.L. upper limits on WIMP annihilation
cross section for all selected dSphs and for the joint likelihood
analysis for annihilation into bb̄ final state. The most generic
cross section (� 3 · 10�26 cm3s�1 for a purely s-wave cross
section) is plotted as a reference. Uncertainties in the J-factor
are included.

FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the �+�� channel, the µ+µ�

channel, and the W+W� channel. The most generic cross
section (� 3 · 10�26 cm3s�1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

limit compared to using nominal J-factors, a factor of
1.3.
The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-
lites with small kinematic datasets and relatively large
uncertainties on their J-factors. Conservatively, exclud-
ing these objects from the analysis results in an increase
in the upper limit by a factor ⇤1.5, which illustrates the
robustness of the combined fit.
Finally, Fig. 2 shows the combined limits for all stud-

Thermal relic scale

✦ Determine the total mass of 
dark matter from velocities of 
stars in each satellite

✦ Combine measured gamma-
ray flux upper bound with 
total dark matter mass in each 
satellite to get upper bound on 
annihilation cross section

Fermi-LAT collaboration 
PRL, arXiv:1108.3546



Dark matter bounds from Fermi-LAT: New results

Fermi-LAT collaboration 
arXiv:1310.0828 (PRD 2014)

✦ Determine the total mass of 
dark matter from velocities of 
stars in each satellite

✦ Combine measured gamma-
ray flux upper bound with 
total dark matter mass in each 
satellite to get upper bound on 
annihilation cross section



 Astrophysical interplay with   
Direct dark matter detection



Direct dark matter searches: Basics 

WIMP WIMP ✦ Spin-Independent: Cross section scales 
as the mass number of nucleus. 

✦ Spin-dependent: Cross section depends 
on angular momentum

Goodman & Witten 1984, Ellis & 
Flores 1988, Engel 1991

Two key `astrophysical’ questions: 

✦ How much DM in your coffee cup?  
✦ How fast is it moving in there?  



Standard Halo Model 

• Of course we can only measure the velocities of stars

• Traditional to assume ``Standard Halo Model” (e.g. Lewin & Smith)

Vesc 

Vesc

• Two issues with this assumption: 
!

1. Does not analytically correspond to an NFW/Einasto profile 
2. Several dark matter-only simulations find different distributions

• Differences are very significant for interpretation of low mass 
WIMP results



Alternative phenomenological parameterizations

• General issues: Analytically difficult to connect velocity 
distribution to density profile. 
!

• Typically have to make simplifying assumptions (velocity 
distribution is isotropic and spherically-symmetric) 

• Tsallis model (Hansen & Moore 
New Astronomy 2004, arXiv:0411473):  

addressed in the King model, which provides a cut-o↵ in a self-consistent manner. The
velocity distribution is obtained from the distribution function:

f(E) =
⇢

1
N

⇥
exp

�
E/�2

�
� 1

⇤
, E > 0

0, E  0
, (C.3)

where E =  (x) � v

2
/2 and  (x) is the relative gravitational potential. The local escape

velocity at a position x is given by vesc =
p
2 (x). At the position of the Earth f(v) can

be parameterised in the same way as the SHM but the parameter � is not directly linked to
the velocity dispersion and can therefore take values that are much larger than in the SHM
[46, 47]. Nevertheless, due to its similarity to the SHM we will not discuss King models
further.

Double power-law profiles

A simple modification of the SHM was introduced in Ref.[48]. For double power-law den-
sity profiles such as the NFW-profile [49], the following ansatz for the velocity distribution
reproduces better the behaviour at high velocities:

f(v) =

(
1
N

h
exp

⇣
v2esc�v2

kv20

⌘
� 1

ik
, |v| < vesc

0, |v| � vesc

. (C.4)

Setting the power-law index k equal to 1 recovers the SHM. The choice 1.5  k  3.5 is
found to give a better fit to velocity distributions extracted from N -body simulations. We
use k = 2.5 throughout.

Tsallis model

It was argued [34] that the velocity distribution of dark matter particles in numerical simu-
lations including baryons can be well described by

f(v) =

(
1
N

h
1� (1� q) v2

v20

i1/(1�q)
, |v| < vesc

0, |v| � vesc

, (C.5)

see also Ref.[50]. We adopt the parameters q = 0.773, v0 = 267.2 km/s and vesc = 560.8
km/s from Ref.[34].

C.2 Anisotropic models

Numerical simulations

A simple anisotropic model has been proposed [5] to describe the data from numericalN -body
simulations such as Via Lactea [51, 52], GHALO [53] or Aquarius [54]:

f(v) =
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, (C.6)

where vt =
q
v

2
✓ + v

2
�. For the figures we take the best-fit parameters for the Via Lactea II

simulation, namely vr = 202.4 km/s, vt = 128.9 km/s, ↵r = 0.934 and ↵t = 0.642 [5], but we
also show the velocity integral and modulation fraction observed in the GHALOs simulation.
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• Anisotropic model (Fairbairn & 
Schwetz JCAP2009, arXiv:0808.0704):  

addressed in the King model, which provides a cut-o↵ in a self-consistent manner. The
velocity distribution is obtained from the distribution function:

f(E) =
⇢

1
N

⇥
exp

�
E/�2
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� 1
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, E > 0

0, E  0
, (C.3)

where E =  (x) � v

2
/2 and  (x) is the relative gravitational potential. The local escape

velocity at a position x is given by vesc =
p
2 (x). At the position of the Earth f(v) can

be parameterised in the same way as the SHM but the parameter � is not directly linked to
the velocity dispersion and can therefore take values that are much larger than in the SHM
[46, 47]. Nevertheless, due to its similarity to the SHM we will not discuss King models
further.

Double power-law profiles

A simple modification of the SHM was introduced in Ref.[48]. For double power-law den-
sity profiles such as the NFW-profile [49], the following ansatz for the velocity distribution
reproduces better the behaviour at high velocities:
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Setting the power-law index k equal to 1 recovers the SHM. The choice 1.5  k  3.5 is
found to give a better fit to velocity distributions extracted from N -body simulations. We
use k = 2.5 throughout.

Tsallis model

It was argued [34] that the velocity distribution of dark matter particles in numerical simu-
lations including baryons can be well described by

f(v) =

(
1
N

h
1� (1� q) v2

v20

i1/(1�q)
, |v| < vesc

0, |v| � vesc

, (C.5)

see also Ref.[50]. We adopt the parameters q = 0.773, v0 = 267.2 km/s and vesc = 560.8
km/s from Ref.[34].

C.2 Anisotropic models

Numerical simulations

A simple anisotropic model has been proposed [5] to describe the data from numericalN -body
simulations such as Via Lactea [51, 52], GHALO [53] or Aquarius [54]:
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where vt =
q
v
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2
�. For the figures we take the best-fit parameters for the Via Lactea II

simulation, namely vr = 202.4 km/s, vt = 128.9 km/s, ↵r = 0.934 and ↵t = 0.642 [5], but we
also show the velocity integral and modulation fraction observed in the GHALOs simulation.
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• Double power law model (Listanti, 
LS et al. PRD 2011, arXiv:1010.4300):  

addressed in the King model, which provides a cut-o↵ in a self-consistent manner. The
velocity distribution is obtained from the distribution function:

f(E) =
⇢

1
N

⇥
exp

�
E/�2

�
� 1

⇤
, E > 0

0, E  0
, (C.3)

where E =  (x) � v

2
/2 and  (x) is the relative gravitational potential. The local escape

velocity at a position x is given by vesc =
p

2 (x). At the position of the Earth f(v) can
be parameterised in the same way as the SHM but the parameter � is not directly linked to
the velocity dispersion and can therefore take values that are much larger than in the SHM
[46, 47]. Nevertheless, due to its similarity to the SHM we will not discuss King models
further.

Double power-law profiles

A simple modification of the SHM was introduced in Ref.[48]. For double power-law den-
sity profiles such as the NFW-profile [49], the following ansatz for the velocity distribution
reproduces better the behaviour at high velocities:
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(
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. (C.4)

Setting the power-law index k equal to 1 recovers the SHM. The choice 1.5  k  3.5 is
found to give a better fit to velocity distributions extracted from N -body simulations. We
use k = 2.5 throughout.

Tsallis model

It was argued [34] that the velocity distribution of dark matter particles in numerical simu-
lations including baryons can be well described by

f(v) =

(
1
N

h
1� (1� q) v2

v20

i1/(1�q)
, |v| < vesc

0, |v| � vesc

, (C.5)

see also Ref.[50]. We adopt the parameters q = 0.773, v0 = 267.2 km/s and vesc = 560.8
km/s from Ref.[34].

C.2 Anisotropic models

Numerical simulations

A simple anisotropic model has been proposed [5] to describe the data from numericalN -body
simulations such as Via Lactea [51, 52], GHALO [53] or Aquarius [54]:

f(v) =

⇢
1
N
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where vt =
q
v

2
✓ + v

2
�. For the figures we take the best-fit parameters for the Via Lactea II

simulation, namely vr = 202.4 km/s, vt = 128.9 km/s, ↵r = 0.934 and ↵t = 0.642 [5], but we
also show the velocity integral and modulation fraction observed in the GHALOs simulation.
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Results from simulations. I 
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Results from simulations. II 

• ``Cosmological” VDF: fewer particles in the tail of the distribution, smooth 
fall-off to the escape velocity (e.g. Vogelsberger et al. 2009; Ling et al. 2009; Kuhlen et 
al. 2010; Lisanti, LS, Wacker, Wechsler 2011; Mao et al ApJ 2013; Mao et al 2013)

VDF of Dark Matter from Simulations 3

Figure 2. The VDF for one representative dark matter halo
in Rhapsody (histogram), along with the best fits using Eq. (1)
with (v0/vesc, p) = (0.13, 0.78) (black, χ2 = 0.59), SHM (blue,
9.67), the double power-law model (cyan, 9.47), the Tsallis model
(green, 1.99), and the analytic VDFs from Eddington’s formula
with isotropic assumption (red dash, 8.48), Osipkov–Merritt (ma-
genta dash, 6.41), and constant β = 1/2 (yellow dash, 11.8). The
y-axis is in log scale in the main figure and linear in the inset.

as q → 1 (Vergados et al. 2008). It was argued that
the Tsallis model provides better fit to simulations with
baryons (Ling et al. 2010), although this conclusion may
be affected by the relatively low resolution of the simu-
lations.
In contrast, our empirical model, Eq. (1), is not based

on a Gaussian distribution but rather on an exponential
distribution. It also has a power-law cut-off in (binding)
energy. Fig. 2 shows the VDF in a simulated halo, along
with the best fit from Eq. (1) and the best fits from other
conventional models. All the best-fit parameters are ob-
tained from the maximum-likelihood estimation in the
range of (0, vesc). The fits using Eq. (1) are statistically
better than other models or the analytic VDFs, espe-
cially around the peak and the tail. We performed the
likelihood-ratio test and found that our model fits sig-
nificantly better for all Rhapsody halos than the SHM
or the double power-law model at all four radii shown in
Fig. 1.
In Fig. 2 we also compare three analytic VDFs. For

the isotropic model shown, the analytic VDF is given
by Eddington’s formula, which gives a one-to-one corre-
spondence between the density profile and the VDF. For
anisotropic systems, one must also model the anisotropy
parameter, defined as β = 1 − (σ2

θ + σ2
φ)/(2σ

2
r), where

σ2 is the variance in each velocity component. There
is currently no analytic VDF whose anisotropy profile
matches that measured in simulations, so we choose three
simple and representative anisotropic models: constant
anisotropy (with β = 0 and 1/2) and the Osipkov–
Merritt model (Osipkov 1979; Merritt 1985). The phase-
space distributions of these models can be determined
numerically (Binney & Tremaine 2008). For all three
cases, we adopt the NFW profile as in Eq. (2), with the
best-fit scale radius. For the Osipkov–Merritt model, we
use the best-fit anisotropy radius. It is shown in Fig. 2
and also suggested by the chi-square test for the models
considered that the analytic VDFs do not describe the
simulated VDF well.
Our VDF model, Eq. (1), consists of two terms: the

exponential term and the cut-off term. The origin of the

the exponential term can be explained by the anisotropy
in velocity space. Fig. 3 shows the distributions, the dis-
persion, and the kurtosis of the velocity vectors along
the three axes of the spherical coordinate. Kurtosis is a
measure of the peakedness of a distribution, defined as
(
!

i v
4
i )/(

!

i v
2
i )

2 − 3, where vi is the velocity of the i-th
particle along one axis, and this value is zero for the nor-
mal distribution. The ratios of dispersion between the
three axes are close to one at small radii, and the ratios
increase with radius. The kurtosis, on the other hand,
is in general non-zero and decreases with radius. An
important consequence of the non-zero kurtosis is that
even if the dispersion along the three axes are similar
(anisotropy parameter β ∼ 0), the velocity vectors do
not follow an isotropic multivariate normal distribution
in any coordinate system (even after a local coordinate
transformations). In other words, as long as there exists
either anisotropy or non-zero kurtosis in a certain coordi-
nate, the norms of the velocity vectors will not follow the
Maxwell–Boltzmann distribution. Indeed, Fig. 3 shows
that in the simulations, one always has non-zero kurto-
sis and/or anisotropy. Other simulations also indicate
that the velocity vectors of dark matter particles have
anisotropy (Abel et al. 2011; Sparre & Hansen 2012) and
non-zero kurtosis (Vogelsberger et al. 2009). We further
found that if the ratios of dispersion between the three
axes of a multivariate normal distribution are around 0.2
to 0.6, the norms of those random vectors will follow a
distribution which resembles our model without the cut-
off term, v2 exp(−v/v0). (For a formal discussion on this
topic, see e.g. Bjornson et al. 2009.) This suggests that if
one can find a coordinate system where the distributions
of the velocity components are all distributed normally
(with zero kurtosis), there will be a larger difference be-
tween the dispersion along the three axes in this new
coordinate system than in the spherical coordinate.
The (v2esc − v2)p term in our VDF model introduces a

cut-off at the escape velocity. It further suppresses the
VDF tail more than the exponential term alone does. De-
spite that this cut-off term has the form of a power-law
in (binding) energy, the best-fit values of the parameter
p does not necessarily reflect the “asymptotic” power-
law index k, defined as k = limE→0(d ln f/d ln E), where
f(E) is the (binding) energy distribution function. The
relation between k and the outer density slope has been
studied in the literature (Evans & An 2006; Lisanti et al.
2011). However, because d ln f/d ln E deviates from its
asymptotic value k rapidly as E deviates from zero,
the asymptotic power-law index k could be very differ-
ent from the best-fit power-law index for the VDF tail
(e.g. v > 0.9vesc). Furthermore, the shape of the VDF
power-law tail could be set by recently-accreted subha-
los that have not been fully phase-mixed (Kuhlen et al.
2012), and hence has no simple relation with the density
profile. In high-resolution simulated dark matter halos,
particles stripped off of a still-surviving subhalo are seen
to significantly impact the tail of the VDF. A larger sam-
ple of simulations at higher resolution than we consider
in the current analysis will be needed to further test this
hypothesis.

4. HALO-TO-HALO SCATTER IN VELOCITY
DISTRIBUTIONS

Mao et al., ApJ 2013, arXiv:1210.2721

colored curves for different r/rs



Results from simulations: Baryons

Ling et al., JCAP 2010, arXiv:0909.2028

thin shell, 7-9 kpc (16k particles) thin ring, 7-9 kpc (2k particles)

dark matter, stars, and gas components 



Clumps in the local DM distribution?
2 Vogelsberger et al.

per limits established by other experiments (see Savage et al. 2004;

Gondolo & Gelmini 2005; Gelmini 2006, for a discussion and pos-

sible solutions). Regardless of this, recent improvements in detector

technology may enable a detection of “standard model” WIMPSor

axions within a few years.

Event rates in all direct detection experiments are determined

by the local DM phase-space distribution at the Earth’s position.

The relevant scales are those of the apparatus and so are extremely

small from an astronomical point of view. As a result, interpret-

ing null results as excluding specific regions of candidate param-

eter space must rely on (strong) assumptions about the fine-scale

structure of phase-space in the inner Galaxy. In most analyses the

dark matter has been assumed to be smoothly and spherically dis-

tributed about the Galactic Centre with an isotropic Maxwellian ve-

locity distribution (e.g. Freese et al. 1988) or a multivariate Gaus-

sian distribution (e.g. Ullio & Kamionkowski 2001; Green 2001;

Helmi et al. 2002). The theoretical justification for these assump-

tions is weak, and when numerical simulations of halo formation

reached sufficiently high resolution, it became clear that the phase-

space of CDM halos contains considerable substructure, both grav-

itationally bound subhalos and unbound streams. As numerical res-

olution has improved it has become possible to see structure closer

and closer to the centre, and this has led some investigators to sug-

gest that the CDM distribution near the Sun could, in fact, be almost

fractal, with large density variations over short length-scales (e.g.

Kamionkowski & Koushiappas 2008). This would have substantial

consequences for the ability of direct detection experiments to con-

strain particle properties.

Until very recently, simulation studies were unable to resolve

any substructure in regions as close to the Galactic Centre as the

Sun (see Moore et al. 2001; Helmi et al. 2002, 2003, for example).

This prevented realistic evaluation of the likelihood that massive

streams, clumps or holes in the dark matter distribution could af-

fect event rates in Earth-bound detectors and so weaken the par-

ticle physics conclusions that can be drawn from null detections

(see Savage et al. 2006; Kamionkowski & Koushiappas 2008, for

recent discussions). As we shall show in this paper, a new age has

dawned. As part of its Aquarius Project (Springel et al. 2008) the

Virgo Consortium has carried out a suite of ultra-high resolution

simulations of a series of Milky Way-sized CDM halos. Simula-

tions of individual Milky Way halos of similar scale have been car-

ried out by Diemand et al. (2008) and Stadel et al. (2008). Here we

use the Aquarius simulations to provide the first reliable character-

isations of the local dark matter phase-space distribution and of the

detector signals which should be anticipated in WIMP and axion

searches.

2 THE NUMERICAL SIMULATIONS

The cosmological parameters for the Aquarius simulation set are

Ωm = 0.25, ΩΛ = 0.75, σ8 = 0.9, ns = 1 and H0 =
100 h km s−1 Mpc−1 with h = 0.73, where all quantities have
their standard definitions. These parameters are consistent with cur-

rent cosmological constraints within their uncertainties, in partic-

ular, with the parameters inferred from the WMAP 1-year and

5-year data analyses (Spergel et al. 2003; Komatsu et al. 2008).

Milky Way-like halos were selected for resimulation from a par-

ent cosmological simulation which used 9003 particles to follow

the dark matter distribution in a 100h−1Mpc periodic box. Se-
lection was based primarily on halo mass (∼ 1012M⊙) but also

required that there should be no close and massive neighbour at
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Figure 1. Top panel: Density probability distribution function (DPDF) for

all resimulations of halo Aq-A measured within a thick ellipsoidal shell

between equidensity surfaces with major axes of 6 and 12 kpc. The lo-
cal dark matter density at the position of each particle, estimated using an

SPH smoothing technique, is divided by the density of the best-fit, ellip-

soidally stratified, power-law model. The DPDF gives the distribution of

the local density in units of that predicted by the smooth model at random

points within the ellipsoidal shell. At these radii only resolution levels 1

and 2 are sufficient to follow substructure. As a result, the characteristic

power-law tail due to subhalos is not visible at lower resolution. The fluc-

tuation distribution of the smooth component is dominated by noise in our

64-particle SPH density estimates. The density distribution measured for

a uniform (Poisson) particle distribution is indicated by the black dashed

line. Bottom panel: As above, but for all level-2 halos after rescaling to

Vmax = 208.49 km/s. In all cases the core of the DPDF is dominated by
measurement noise and the fraction of points in the power law tail due to

subhalos is very small. The chance that the Sun lies within a subhalo is

∼ 10−4. With high probability the local density is close to the mean value

averaged over the Sun’s ellipsoidal shell.

z = 0. The Aquarius Project resimulated six such halos at a series
of higher resolutions. The naming convention uses the tags Aq-A

through Aq-F to refer to these six halos. An additional suffix 1 to
5 denotes the resolution level. Aq-A-1 is the highest resolution cal-
culation, with a particle mass of 1.712×103 M⊙ and a virial mass

of 1.839 × 1012 M⊙ it has more than a billion particles within the

virial radiusR200 which we define as the radius containing a mean

density 200 times the critical value. The Plummer equivalent soft-

ening length of this run is 20.5 pc. Level-2 simulations are available
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Koushiappas & Kamionkowski 2008; Vogelsberger et al 2009

• Are we sitting in a local overdensity 
(or a local bubble)? 

• Probably direct detection 
experiments sensitive to the ‘smooth’ 
distribution of dark matter

• Neutralino WIMP: Minimum mass 
sub-halo about the Earth mass

Koushiappas & Kamionkowski 2008; Vogelsberger et al 2009



Plethora of experimental results 

• DAMA, CoGENT, and CDMS-II report events not accounted for by known backgrounds

• Possible ways to make results consistent:  
1) Experimental issues  
2) Particle model (e.g. Isospin-violating DM, e.g. Feng & Kumar 2008) 
3) Galactic halo model 

SuperCDMS



LUX results 

• LUX results compatible with 
background only!
–Appears to be no ``non-standard” 

particle or astrophysics  
!

• As cross section limits improve, will 
become more difficult to disentangle 
particle physics from astrophysics.



Astrophysical backgrounds for 
direct dark matter searches 



Zero background experiments? 

neutrino neutrino

✦ Coherent neutrino 
scattering will produce a 
signal similar to a WIMP

Friedman 1974; Tubbs & 
Schramm 1977



Solar neutrinos 

Electron neutrino survival probability
5
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FIG. 5. Electron neutrino survival probability as a function
of energy. The red line corresponds to the measurement pre-
sented in this letter. The pp and 7Be measurements of Pee

given in [5] are also shown. The 8B measurements of Pee

were obtained from [3, 4, 25], as indicated in the legend. The
MSW-LMA prediction band is the 1� range of the mixing
parameters given in [22].

from INFN (Italy), NSF (USA), BMBF, DFG and MPG
(Germany), NRC Kurchatov Institute (Russia), and
MNiSW (Poland). We acknowledge the generous sup-
port of the Gran Sasso National Laboratories (LNGS).

[1] B.T. Cleveland et al., Ap. J. 496, 505 (1998); K. Lande
and P. Wildenhain, Nucl. Phys. B (Proc. Suppl.) 118, 49
(2003); R. Davis, Nobel Prize Lecture (2002).

[2] F. Kaether et al., Phys. Lett. B 685, 47 (2010); W. Ham-
pel et al. (GALLEX Collaboration), Phys. Lett. B 447,
127 (1999); J.N. Abdurashitov et al. (SAGE collabora-
tion), Phys. Rev. C 80, 015807 (2009).

[3] K.S. Hirata et al. (KamiokaNDE Collaboration), Phys.
Rev. Lett. 63, 16 (1989); Y. Fukuda et al. (Super-
Kamiokande Collaboration), Phys. Rev. Lett. 81, 1562
(1998); J.P. Cravens et al. (SuperKamiokaNDE Collabo-
ration), Phys. Rev. D 78, 032002 (2008).

[4] Q.R. Ahmad et al. (SNO Collaboration), Phys. Rev.
Lett. 87, 071301 (2001); B. Aharmim et al. (SNO
Collaboration), Phys. Rev. C 75, 045502 (2007);
B. Aharmim et al. (SNO Collaboration), Phys. Rev. C
81, 055504 (2010); B. Aharmin et al. (SNO Collabora-
tion), arXiv:1109.0763v1.

[5] C. Arpesella et al. (Borexino Collaboration), Phys. Lett.
B 658, 101 (2008); C. Arpesella et al. (Borexino Collab-
oration), Phys. Rev. Lett. 101, 091302 (2008); G. Bellini
et al. (Borexino Collaboration), Phys. Rev. Lett. 107,
141302 (2011).

[6] S. Abe et al. (KamLAND Collaboration), Phys. Rev.
Lett. 100, 221803 (2008).

[7] S.P. Mikheyev and A.Yu. Smirnov, Sov. J. Nucl. Phys.
42, 913 (1985); L. Wolfenstein, Phys. Rev. D 17, 2369
(1978); P.C. de Holanda and A.Yu. Smirnov, JCAP
0302, 001 (2003).

[8] A. Friedland et al., Phys. Lett. B 594, 347 (2004);
S. Davidson et al., JHEP 0303, 011 (2003); P.C. de

Holanda and A. Yu. Smirnov, Phys. Rev. D 69, 113002
(2004); A. Palazzo and J.W.F. Valle, Phys. Rev. D 80,
091301 (2009).

[9] A.M. Serenelli, W.C. Haxton and C. Peña-Garay,
arXiv:1104.1639.

[10] S. Basu, ASP Conference Series 416, 193 (2009).
[11] G. Alimonti et al. (Borexino Collaboration), Nucl. Instr.

and Meth. A 600, 568 (2009).
[12] G. Alimonti et al. (Borexino Collaboration), Nucl. Instr.

and Meth. A 609, 58 (2009).
[13] G. Bellini et al. (Borexino Collaboration),

arXiv:1104.2150.
[14] C. Galbiati, A. Pocar, D. Franco, A. Ianni, L. Cadonati,

and S. Schönert, Phys. Rev. C 71, 055805 (2005).
[15] G. Bellini et al. (Borexino Collaboration), JINST 6,

P05005 (2011).
[16] M. Deutsch, “Proposal for a Cosmic Ray Detection

System for the Borexino Solar Neutrino Experiment”,
Massachusetts Institute of Technology, Cambridge, MA
(1996).

[17] H. Back et al. (Borexino Collaboration), Phys. Rev. C
74, 045805 (2006).

[18] Y. Kino et al., Jour. Nucl. Radiochem. Sci 1, 63 (2000).
[19] D. Franco, G. Consolati, and D. Trezzi, Phys. Rev. C 83,

015504 (2011).
[20] TMVA Users Guide, http://tmva.sourceforge.net/

docu/TMVAUsersGuide.pdf.
[21] W. Maneschg et al., arXiv:1110.1217.
[22] Review of Particle Physics, K. Nakamura et al. (Particle

Data Group), J. Phys. G 37, 075021 (2010).
[23] J.N. Bahcall, M. Kamionkowski and A. Sirlin, Phys. Rev.

D 51, 6146 (1995).
[24] J. Erler and M.J. Ramsey-Musolf, Phys. Rev. D 72,

073003 (2005).
[25] G. Bellini et al. (Borexino Collaboration), Phys. Rev. D

82, 033006 (2010).



Monroe and Fisher PRD 2008

Ar

Neutrino Coherent Scattering Rates at Direct Dark Matter Detectors 7

Figure 3. Number of events above a threshold recoil kinetic energy for four target
nuclei. For both the diffuse supernova and atmospheric event rates, the sum of all
contributing neutrino flavors are shown.

thresholds in the area of ∼ 5 keV; as is seen dropping the threshold below this energy

will lead to a significantly increased 8B signal.
As an additional note, the analysis above just accounts for neutrino-nucleus

coherent scattering. In principle it would also be possible to detect these same fluxes

via neutrino-electron elastic scatterings [8]. For this channel the largest rate is to due

the solar pp reaction. For example, from pp scatterings on Xe a flat spectrum of electron

recoil events is expected at ∼ 0.1 events per ton-yr with energies up to ∼ 600 keV.

3. Implications for WIMP-Nucleon Cross Section Constraints

In the absence of backgrounds the expected upper limit on the WIMP-cross section

simply scales linearly with the detector. For example a ten times greater exposure

will imply a ten times stronger upper limit on the cross section. In the presence of

backgrounds, however, the projected limits on the cross section must be modified.

Dodelson [26] has provided a simple formalism for estimating the upper limit on the

Ne Ar

Neutrino Backgrounds/Signals

Flux of Atmospheric Neutrinos 9

where φp(A) is the flux of primary protons (nuclei of mass A) outside the influence

of the geomagnetic field and Rp(A) represents the filtering effect of the geomag-

netic field. Free and bound nucleons are treated separately because propagation

through the geomagnetic field depends on magnetic rigidity (total momentum

divided by total charge) whereas particle production depends to a good approxi-

mation on energy per nucleon. A proton of rigidity R (GV) has total energy per

nucleon E(GeV ) =
!

R2 + m2
p whereas the corresponding relation for helium is

E(GeV/A) =
!

R2/4 + m2
p.

The neutrinos come primarily from the two-body decay modes of pions and

kaons and the subsequent muon decays. The decay chain from pions is

π± → µ± + νµ(νµ) (4)

↘

e± + νe(νe) + νµ(νµ),

with a similar chain for charged kaons. When conditions are such that all particles

decay, we therefore expect

νµ + ν̄µ

νe + ν̄e
∼ 2, (5)

νµ/ν̄µ ∼ 1 and νe/νe ∼ µ+/µ−.

Moreover, the kinematics of π and µ decay is such that roughly equal energy is

carried on average by each neutrino in the chain.

2.1 Early calculations

The early calculations used the relation between muons and neutrinos implied

by Eq. 4. The idea is to parameterize the pion production spectrum in the

atmosphere to fit an observed flux of muons. In this way, the primary spectrum

Strigari, NJP 2009
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [12, 13, 31]. Right: Neutrino background event rates for a germanium based detector. The black dashed
line corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event
rate from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino
event rate.

neutrino flux as

dR
⌫

dE
r

= MT ⇥
X

A

f
A

Z

E

min
⌫

dN

dE
⌫

d�(E
⌫

, E
r

)

dE
r

dE
⌫

(4)

where dN

dE

⌫

corresponds to the neutrino flux. As it has
been shown in [11], the neutrino-nucleon elastic interac-
tion, well explained by the standard model, leads to a
coherence e↵ect implying a neutrino-nucleus cross sec-
tion that approximately scales as the atomic number (A)
squared when the momentum transfer is below a few keV.
At tree level, the neutrino-nucleon elastic scattering is
a neutral current interaction that proceeds via the ex-
change of a Z boson. The resulting di↵erential neutrino-
nucleus cross section as a function of the recoil energy
and the neutrino energy is given by [8]:

d�(E
⌫

, E
r

)

dE
r

=
G2

f

4⇡
Q2

!

m
N

✓
1� m

N

E
r

2E2

⌫

◆
F 2

SI

(E
r

) (5)

where m
N

is the nucleus mass, G
f

is the Fermi coupling
constant and Q

!

= N � (1 � 4 sin2 ✓
!

)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓

!

the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is taken
as the same as for the WIMP-nucleus spin-indepedent
scattering. Interestingly, as the CNS interaction only
proceeds through a neutral current, it is similarly
sensitive to all active neutrino flavors. Note that any
active-to-sterile neutrino oscillation would therefore lead
to a deficit of neutrino induced nuclear recoil.

In Fig. 1 (left panel), we present all the neutrino
fluxes that will induce relevant backgrounds to dark
matter detection searches. The di↵erent neutrino
sources considered in this study are the sun, which

generates high fluxes of low energy neutrinos following
the pp-chain [14] and the possible CNO cycle [15, 16],
di↵use supernovae (DSNB) [13] and the interaction of
cosmic rays with the atmosphere [12] which induces low
fluxes of high energy neutrinos. As a summary of the
neutrino sources used in the following, we present in
Table II the di↵erent properties of the relevant neutrino
families such as: the maximal neutrino energy, the
maximum recoil energy for a Ge target nucleus and the
overall flux normalization and uncertainty. Following
[7], we chose to use the same standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [12] and [13] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m

�

,�SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we did not consider neutrino-
electron scattering because as it has been shown in [7],
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Figure 6: Distributions of the maximum likelihood of the CNS background under the WIMP only hypothesis for a Ge target
(left) and a Xe target (right). The di↵erent intensities of colors correspond to the energy threshold considered, from light to
dark : 1 eV, 10 eV, 100 eV, 1 keV, 2.5 keV, 5 keV, 7.5 keV, and 10 keV. These distributions have been computed by adjusting
the experiment exposure such that we have a total of about 500 expected neutrino events for each di↵erent energy thresholds
and target.
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Figure 7: Comparison between the nuclear recoil event rate as a function of energy from the CNS background (blue dashed
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Xe target (right). The di↵erent color intensities and thicknesses of the lines are from light-thin to dark-thick : 1 eV, 10 eV, 100
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As discussed in Ref. [48], the test statistic q
0

is then de-
fined as :

q
0

=

⇢
�2 ln�(0) �̂��n > 0

0 �̂��n < 0.
(15)

As one can deduce from such test, a large value of q
0

implies a large discrepancy between the two hypotheses,
which is in favor of H

1

hence a discovery interpretation.
The p-value p

0

associated to this test is then defined as :

p
0

=

Z 1

qobs

0

f(q
0

|H
0

)dq
0

, (16)

where f(q
0

|H
0

) is the probability distribution function of

q
0

under the background only hypothesis. Then, p
0

cor-
responds to the probability to have a discrepancy, bet-
ween H

0

and H
1

, larger or equal to the observed one qobs
0

.
Following Wilk’s theorem, q

0

asymptotically follows a �2

distribution with one degree of freedom (see Ref.[48] for a
more detailed discussion). In such a case, the significance
Z in units of sigmas of the detection is simply given by
Z =

p
qobs
0

.

The resulting discovery limits are presented in Figure 9
in the WIMP-nucleon cross section vs. WIMP mass plane
for four di↵erent experiments : Ge target with a 0.1 keV
threshold (top left), Ge target with a 2 keV threshold
(bottom left), Xe target with a 0.1 keV threshold (top
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Reducing background

WIMP-nucleus scattering is 
isotropic in cos (theta)

The angular dependence of 
the neutrino coherence cross 
section is: 

4

tribution in ✓

DM�sun

follows the expected pattern with a
maximum in March and a minimum in September.

Having presented the dark matter event rate as a func-
tion of energy, time and direction, we now turn to the
neutrinos.

III. NEUTRINO BACKGROUNDS

Dark matter experiments are potentially sensitive to
two seperate types of neutrino interactions: the first is ⌫-
e

� neutral current elastic scattering, where the neutrino
interacts with the atomic electrons, and the second is ⌫-
A neutral current coherent elastic scattering, where the
neutrino interacts with the target nucleus. The fact that
the former process can lead to events in a dark matter
experiment has long been realised and has led to it being
suggested as a method for solar neutrino detection [26].
The maximum recoil electron kinetic energy from ⌫-e�

events can be as large as a few hundred keV, and the
cross-sections are of order 10�44 cm2. The latter process
has never been observed since the maximum nuclear re-
coil kinetic energy is only a few tens of keV, however,
the cross-section is relatively large, approximately 10�39

cm2. This work focuses exclusively on coherent ⌫-A scat-
tering.

Although coherent ⌫-A scattering has never been ob-
served, the process is theoretically well understood. The
calculated Standard Model cross-section is relatively
large, of order 10�39 cm2 [27, 28]. There has been in-
terest in using this process to make precision weak inter-
action measurements at the SNS [29], to search for super-
nova neutrinos [30] and to measure neutrinos produced
in the Sun [5]. Even before direct dark matter detec-
tion experiments existed, this process was anticipated as
a background [4]. On the other hand, one could also take
the neutrino events as a signal and test neutrino physics
using dark matter detectors, see e.g. [31].

Here we calculate the background rates caused by ⌫-A
coherent scattering in target materials relevant to current
dark matter searches. We consider the recently measured
solar, e.g. [32, 33], the atmospheric, e.g. [34–36], and the
predicted di↵use neutrino flux from supernovae through-
out the Universe and include the nuclear form factors in
the coherent cross-section calculation. We include the
direction-dependence of the recoil signal, and its sidereal
and annual modulation.

A. Neutrino Scattering Cross-Sections

The maximum recoil kinetic energy in ⌫-A coherent
scattering is

E

r,max

=
2E2

⌫

m

T

+ 2E
⌫

, (7)

where E

⌫

is the incident neutrino energy, and m

T

is
the mass of the target nucleus. The four-momentum ex-

change is related to the recoil energy by Q

2 = 2m
T

E

r

,
and the three-momentum exchange q is approximately
equal to

p
2m

T

E

r

. For neutrino energies below 20 MeV
and nuclear targets from 12C to 132Xe, the maximum re-
coil kinetic energy ranges between 50 keV and 5 keV,
meaning that the maximum possible q is quite small, <1
fm�1. Typical nuclear radii, R, are 3-5 fm, and therefore
the product qR < 1. In this regime, the neutrino scat-
ters coherently o↵ the weak charge of the entire nucleus,
which is given by

Q

W

= N � (1� 4 sin2 ✓
W

)Z , (8)

where N and Z are the number of target neutrons and
protons respectively, and ✓

W

is the weak mixing angle.
Through the dependence on Q

W

, coherence enhances the
scattering cross-section with respect to the single nucleon
cross-section by approximately a factor of N2.
The ⌫-A coherent scattering cross-section is given

by [27, 28, 37]

d�

d(cos ✓)
=

G

2

F

8⇡
Q

2

W

E

2

⌫

(1 + cos ✓) F (Q2)2 , (9)

where G
F

is the Fermi coupling constant, Q
W

is the weak
charge of the target nucleus, E

⌫

is the projectile neutrino
energy, cos ✓ is the scattering angle in the lab frame of the
outgoing neutrino direction with respect to the incoming
neutrino direction, and F (Q2) is again the nuclear form
factor. The supression of the cross-section by the nuclear
form factor depends on the target material and grows
with the momentum transfer in a collision.
The dependence of the cross-section on scattering angle

means that solar neutrino elastic scattering events will, in
principle, point back to the sun. However, the majority
of dark matter detectors do not have directional sensitiv-
ity, and so we calculate event rates here as a function of
recoil nucleus kinetic energy as well. The scattering angle
and the recoil kinetic energy are related via 2-body kine-
matics and the cross-section can be expressed in terms of
the kinetic energy, E

rec

, of the recoiling nucleus as

d�

dE

r

=
G

2

F

4⇡
Q

2

W

M

2 (1� m

T

E

r

2E2

⌫

) F (Q2)2. (10)

The theoretical uncertainty on the coherent ⌫-A scat-
tering cross-section comes from uncertainty in the form
factor; for neutrino energies of 10 MeV the uncertainty
is expected to be less than 10% [30].

B. Neutrino Fluxes

There are many sources that contribute to the large
flux of ambient neutrinos and anti-neutrinos. The main
sources are fusion reactions in the Sun, radioactive decays
in the Earth’s mantle and core, decay products of cos-
mic ray collisions with the atmosphere, relic supernovae
neutrinos and neutrinos from fission processes at nuclear

Solar neutrino events point back 
to the Sun 

3

FIG. 1: Two dimensional dark matter probability distribu-
tion ⇢ of recoil energy and event angle for a 6 GeV dark matter
particle in a CF4 detector with 5 keV threshold in September.

with r = 4m
DM

m

T

/(m
DM

+m

T

)2. In this work we as-
sume isotropic scattering in cos ✓. The scattering angle
of the recoiling nucleus with respect to the incoming dark
matter velocity is then given by:

tan ✓0 =
p

0 sin ✓p
2m

DM

E

DM

� p

0 cos ✓
, (6)

with p

0 =
p
2m

DM

E

DM

� 2m
T

E

r

.
Figure 1 shows the two dimensional probability

distribution of event angle and recoil energy in a
Tetraflourmethane, CF

4

, detector with 5keV energy
threshold for a 6 GeV dark matter particle. Two dis-
tinct features should be noted. First, the event angles
of dark matter scattering events preferably lie at large
cos ✓

sun

because there is more solid angle there. Sec-
ond, the probability distribution drops to zero above the
largest possible recoil energy for the given dark matter
mass and escape velocity. The power of directionality is
that dark matter masses that create an energy spectrum
very similar to the neutrino background can easily be dis-
tinguished when the event angle is taken into account. As
we will see, for light dark matter a strong gain in sensi-
tivity compared to non-directional detectors is therefore
expected.

A third feature that is not directly visible in figure 1,
but is important nonetheless, is a variation of the peak
of the dark matter probability distribution in time. The
direction of the Earth’s overall velocity vector will point
approximately towards the radio galaxy Cygnus A [50],
such that the incoming dark matter particles in the lab-
frame will have a preferred direction coming from Cygnus
A. The relative angle between the Sun and Cygnus A
changes over the year, such that the peak in the dark
matter probability distribution will follow a similar pat-
tern.

FIG. 2: Distribution of the angle between the incoming dark
matter velocity and the Earth-Sun direction over the year for
events above threshold. For each month 1⇥ 104 dark matter
events have been simulated. The maximum of the distribution
follows the expected pattern as described in the text.

The annual modulation in the event rate of light dark
matter has a maximum in June because at this time the
velocity vector of the Earth and the Sun are parallel to
each other [25]. Both vectors approximately point into
the direction of Cygnus A. In December, these two vec-
tors are anti-parallel resulting in a minimum of the event
rate. The angle between the Earth-Sun direction and the
Earth-Cygnus A direction, ✓

sun�CygnA

, is expected to be
the same in June and December, because the Earth has
simply moved to the other side of the Sun. However,
in September the Earth is between the Sun and Cygnus
A, such that ✓

sun�CygnA

is at its largest value. The two
objects appear on opposite directions in the sky. Analo-
gously, in March when the Earth is behind the Sun rela-
tive to Cygnus, ✓

sun�CygnA

is at its smallest value. These
situations were studied to test the coordinate system of
our simulations.

The time evolution of the peak in the two dimensional
dark matter probability distribution arises because of this
modulation in the relative angle between the incoming
dark matter velocity vector and the Earth-Sun direction,
✓

DM�sun

. Since in September the Sun and Cygnus A ap-
pear in di↵erent directions on the sky, the velocities of
the incoming WIMPs that can produce an event above a
detector’s fixed energy threshold therefore preferentially
point along the Earth-Sun direction. In March, however,
the incoming dark matter velocities will point away from
the Sun, resulting in a large ✓

DM�sun

. When simulating
light dark matter events for each month of the year and
producing a histogram for ✓

DM�sun

, we expect the peaks
of these histograms to show a modulation that follows ex-
actly this pattern. In figure 2 we color code the number
of events in each angular bin. It is visible that the dis-

6

FIG. 4: Neutrino event rate in a CF4 detector. For this
plot a perfect energy e�cency and an upper threshold of
100 keV were considered. For the rest of the paper we as-
sume a more realistic energy e�cency function lowering the
total event rate.

the threshold that we will consider in this work (5 keV),
only 8

B and hep neutrinos from the Sun as well as all
atmospheric and supernovae neutrinos are important.

The scattering angle of the nucleus with respect to
the incoming neutrino direction can then be found from
scattering kinematics to be

cos ✓0 =
E

⌫

+m

T

E

⌫

r
E

r

2m
T

. (13)

Figure 5 shows the two dimensional probability distribu-
tion of recoil energy and event angle for neutrinos in a
CF

4

detector with a 5 keV energy threshold. The sig-
nificant di↵erence to the dark matter probability dis-
tribution is the clear peak at cos ✓

sun

= �1 and small
recoil energies due to the solar neutrino events. Atmo-
spheric and supernovae neutrinos contribute as a smooth,
isotropic background. For a 5 keV CF

4

detector we can
see in figure 4 that the non-solar neutrinos have only a
small contribution such that in this example the prob-
ability distribution function falls o↵ steeply away from
the solar peak. The ratio of the solar peak to the smooth
background of non-solar neutrinos depends on the tar-
get material and the recoil energy threshold. In di↵erent
detector configurations the dominance of the solar peak
over the non-solar background is not necessarily this sig-
nificant.

IV. DARK MATTER SEARCHES IN THE
PRESENCE OF NEUTRINO BACKGROUNDS

Having obtained detailed spectra for dark matter and
neutrino events as a function of energy, direction and

FIG. 5: The two dimensional probability distribution ⇢ of
recoil energy and event angle of neutrinos in a CF4 detector
with 5 keV threshold.

time, we need a statistic to test these signal and back-
ground distributions in a given experiment. In order to
do this, we perform a CLs test [46] to distinguish be-
tween background and signal + background hypotheses,
in which the background comes from solar, atmospheric
and di↵use supernovae neutrino coherent elastic scatter-
ing. We consider a range of targets and moderately op-
timistic energy thresholds, as well as energy and angular
resolutions, which should be realistically achievable by
the next-generation experiments.

A. Statistical Test

The presence of backgrounds in direct searches of any
kind implies that a given set of observed events is ei-
ther pure background or contains background plus signal.
One way to distinguish between these two cases statisti-
cally is to perform a hypothesis test. Such a test can be
carried out by looking at the ratio between the probabil-
ity densities of the measured data ~

X being either signal

plus background or background only, e
Q = L(

~

X,S+B)

L(

~

X,B)

[46].

We take this as the definition of our test statistic:

e
Q =

p

b+s

(n)

p

b

(n)

Q
n

j=1

sSt(tj)+bBt(tj)

s+b

sS

(t)
✓,E(✓j ,Ej)+bB✓,E(✓j ,Ej)

s+bQ
n

j=1

B

t

(t
j

) B
✓,E

(✓
j

, E

j

)
.

(14)
Throughout this work, we use the notation p(x) =
dP (x)/dx as the probability distribution function of the
variable x where P (x) is therefore the cumulative prob-
ability of this quantity at x. Here, we have p

�

(n) as the
Poisson distribution centered at �, s as the number of ex-
pected signal (dark matter) events given by equation 4, b
as the number of expected background (neutrino) events

Grothaus et al. 2014
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of energy. The red line corresponds to the measurement pre-
sented in this letter. The pp and 7Be measurements of Pee

given in [5] are also shown. The 8B measurements of Pee

were obtained from [3, 4, 25], as indicated in the legend. The
MSW-LMA prediction band is the 1� range of the mixing
parameters given in [22].
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Solar neutrinos: Outstanding issues 

1. Solar Metallicity problem

2. Intermediate energy survival probability 

New 3D rotational hydrodynamical simulations suggest lower 
metallicity in Solar core [Asplund et al. 2009]

However the low metallicity appears in conflict with both 
helioseismology data (aslo possible Solar neutrino data)

SK, Borexino, SNO CC data 
seem to not indicate an ‘upturn’ 
in the electron neutrino survival 
probability 
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Standard Solar Model predictions

73

Table 2: SSM neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with

associated uncertainties (averaging over asymmetric uncertainties). The solar

values come from a luminosity-constrained analysis of all available data by the

Borexino Collaboration.

⌫ flux Emax
⌫ (MeV) GS98-SFII AGSS09-SFII Solar units

p+p!2H+e++⌫ 0.42 5.98(1 ± 0.006) 6.03(1 ± 0.006) 6.05(1+0.003
�0.011) 1010/cm2s

p+e�+p!2H+⌫ 1.44 1.44(1 ± 0.012) 1.47(1 ± 0.012) 1.46(1+0.010
�0.014) 108/cm2s

7Be+e�!7Li+⌫ 0.86 (90%) 5.00(1 ± 0.07) 4.56(1 ± 0.07) 4.82(1+0.05
�0.04) 109/cm2s

0.38 (10%)

8B!8Be+e++⌫ ⇠ 15 5.58(1 ± 0.14) 4.59(1 ± 0.14) 5.00(1 ± 0.03) 106/cm2s

3He+p!4He+e++⌫ 18.77 8.04(1 ± 0.30) 8.31(1 ± 0.30) — 103/cm2s

13N!13C+e++⌫ 1.20 2.96(1 ± 0.14) 2.17(1 ± 0.14)  6.7 108/cm2s

15O!15N+e++⌫ 1.73 2.23(1 ± 0.15) 1.56(1 ± 0.15)  3.2 108/cm2s

17F!170+e++⌫ 1.74 5.52(1 ± 0.17) 3.40(1 ± 0.16)  59. 106/cm2s

�2/P agr 3.5/90% 3.4/90%

Table 3: Results from global 3⌫ analyses including data through Neutrino2012.

Bari Analysis (Fogli et al. 2012) Valencia Analysis (Forero, Tórtola & Valle 2012)

Parameter/hierarchy Best 1� Fit 2� Range 3� Range Best 1� Fit 2� Range 3� Range

�m2
21(10�5eV2) 7.54+0.26

�0.22 7.15 $ 8.00 6.99 $ 8.18 7.62±0.19 7.27 $ 8.01 7.12 $ 8.20

�m2
31(10�3eV2) NH 2.47+0.06

�0.10 2.31 $ 2.59 2.23 $ 2.66 2.55+0.06
�0.09 2.38 $ 2.68 2.31 $ 2.74

IH �(2.38+0.07
�0.11) �(2.22 $ 2.49) �(2.13 $ 2.57) �(2.43+0.07

�0.06) �(2.29 $ 2.58) �(2.21 $ 2.64)

sin2 ✓12 0.307+0.018
�0.016 0.275 $ 0.342 0.259 $ 0.359 0.320+0.016

�0.017 0.29 $ 0.35 0.27 $ 0.37

sin2 ✓23 NH 0.386+0.024
�0.021 0.348 $ 0.448 0.331 $ 0.637

8
>><

>>:

0.613+0.022
�0.040

0.427+0.034
�0.027

0.38 $ 0.66 0.36 $ 0.68

IH 0.392+0.039
�0.022

8
>><

>>:

0.353 $ 0.484

0.543 $ 0.641

0.335 $ 0.663 0.600+0.026
�0.031 0.39 $ 0.65 0.37 $ 0.67

sin2 ✓13 NH 0.0241 ± 0.0025 0.0193 $ 0.0290 0.0169 $ 0.0313 0.0246+0.0029
�0.0028 0.019 $ 0.030 0.017 $ 0.033

IH 0.0244+0.0023
�0.0025 0.0194 $ 0.0291 0.0171 $ 0.0315 0.0250+0.0026

�0.0027 0.020 $ 0.030 0.017 $ 0.033

SNO NC measurement (5.25 x 106) right in between predictions of 
low and high metallicity SSMs

Haxton et al Solar neutrino review, 2013



Appealing to dark matter detectors

•Coherent neutrino 
scattering substantially 
improves the measurement 
on the 8B flux, to a few 
percent or less

•Substantial improvement 
from 1 to 10 ton for Ge 
and Xe detectors 

•Elastic scattering data from 
pp neutrinos an important 
contribution
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FIG. 1: Allowed event rate for the coherent neutrino scatter-
ing spectrum in a Ge detector from the analysis described in
Section IV. The di↵erent color intensities refer to the con-
fidence level of each neutrino model derived from the �2

tot

distribution of the MCMC analysis which takes into account
current solar and reactor data.

97% of the total 8B neutrino flux. Since we are trying to
evaluate what it would take to be sensitive to sterile os-
cillations from the Sun, in what follows we will consider
a background free experiment and no detection of dark
matter particles.

Note that a low energy threshold of ⇠ 0.1 keV should
be achievable by upcoming Dark Matter experiments
based on cryogenic semiconductor Ge crystals instru-
mented with phonon sensors. Indeed, as recently demon-
strated by the SuperCDMS collaboration, the use of high
electric field across the Ge crystal allows for a significant
amplification of the total phonon signal due to the addi-
tional Luke-Neganov phonon contribution coming from
drifting the charge carriers across the crystal [28, 29].
The SuperCDMS collaboration has shown the possibility
to lower the threshold down 170 eVee (electron equiva-
lent) which is equivalent to a threshold on the nuclear
recoil energy of about 800 eV [30].

III. 3 + 1 NEUTRINO MODEL

In this section, we move on to discuss the theoreti-
cal model that we use for neutrino oscillations. Within
this model-dependent framework, our goal is to then de-
termine in section IV what CNS and ES measurements
from a dark matter detector will add to the existing mea-
surements from reactors and other Solar neutrino exper-
iments. For simplicity, we focus on the theoretical model
with one new mass splitting that is due to a single ster-
ile neutrino that is much larger than the measured mass
splittings�m2

21

and |�m2

32

|. This model can be extended
to also include more than one additional sterile neutrino,
see e.g. Ref. [16]. Here we simply review the formu-

lae that are required to calculate transition probabilities
for this model with one additional sterile neutrino; for a
more complete discussion of this model see Ref. [31].
With one additional sterile neutrino, there are a to-

tal of 6 angles that are required to describe the neutrino
mixing matrix, ✓

12

, ✓
13

, ✓
23

, ✓
14

, ✓
24

, and ✓
34

. For the
analysis in this paper we will take ✓

24

= ✓
34

= 0, so that
the only possible new non-zero angle is ✓

14

. Small values
of ✓

24

and ✓
34

are deduced from the results of reactor
experiments [19], so setting these “non-solar” angles to
zero will not a↵ect the results that we present hereafter.
If we were to consider nonzero values of ✓

24

and ✓
34

, we
would have to also account for the possibility of addi-
tional small CP violating phases on top of the one in the
standard three-neutrino model.
For our assumption of ✓

24

and ✓
34

, the relevant el-
ements of the mixing matrix that determine mixing
between the electron flavor and the mass eigenstates
are [16, 31]

U
e1

= c
14

c
13

c
12

(2)

U
e2

= c
14

c
13

s
12

(3)

U
e3

= c
14

s
13

(4)

U
e4

= s
14

(5)

where s
ı|

= sin ✓
ı|

and c
ı|

= cos ✓
ı|

. The mixing between
the sterile component and the mass eigenstates are con-
trolled by

U
s1

= �s
14

c
13

c
12

(6)

U
s2

= �s
14

c
13

s
12

(7)

U
s3

= �s
14

s
13

(8)

U
s4

= c
14

(9)

In addition to the mixing elements in vacuum, we will
also need the e↵ective mixing matrix elements in mat-
ter at the electron neutrino production point. These are
given by

Um

e1

= c
14

c
13

cm
12

(10)

Um

e2

= c
14

c
13

sm
12

(11)

Um

e3

= U
e3

= c
14

s
13

(12)

Um

e4

= U
e4

= s
14

. (13)

In these equations the matter mixing angles are defined
through

k
m

k
sin 2✓m

12

= sin 2✓
12

(14)

k
m

k
cos 2✓m

12

= cos 2✓
12

� v
x

�2 � v
x

r
x

↵2 (15)

where k, k
m

are the neutrino wavenumbers in vacuum
and in matter. The ratio of the neutral current to the
charged current potential is r

x

= 0.25, � = c
13

c
14

,
↵ = �s

14

s
13

, and v
x

= V
cc

/k, and we take the mat-
ter potential to be V

cc

= 10�11 eV. Note that here we



Appealing to dark matter detectors

• Hints at ~ eV mass 
sterile neutrinos from 
several terrestrial 
experiments: Gallium, 
reactor anomaly. 

• Also, possible evidence 
from cosmology

• DM direct detection 
experiments that combine 
nuclear recoils through 
coherent scattering and 
electron recoils through elastic 
scattering will better probe 
sterile neutrino parameter 
space

SOX: sensitivity to sterile neutrino

--- RA (95% C.L.)
--- RA (99% C.L.)
--- SOX  Cr (95% C.L.)
--- SOX  Cr (99% C.L.)
--- SOX  Ce (95% C.L.)
--- SOX  Ce (99% C.L.)

Global fit. Giunti et al. 
Physical Review D, vol. 
88, 073008, 2013 



Final remarks 

• What if anything are astronomical measurements telling us about 
the nature of dark matter? 

• A multi-faceted question 

• Can rule out extreme, simplified assumptions

• Hot and some warm dark matter 

• For many interesting candidates, we are in grey areas

• Progress requires embrace of astronomical issues 


