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“How do I know if I have Dark Matter?”



Acute symptoms of DM

acute [uh-kyoot] 
adjective 

(of disease) brief and severe 
 (opposed to chronic)
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FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

An Excess
Initial symptom: an excess above the expected background…

CoGENT low energy 
spectrum:

[1002.4703, 1208.5737]

Possible low-energy 
excess?

How can we definitively diagnose a  
Dark Matter signal in Direct Detection?



Spectral features (1)
Standard spin-independent (SI) elastic scattering  

- roughly exponential spectrum:

[Lewin & Smith, 1996]
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FIG. 5: Recoil spectra for inelastic and exothermic dark matter models. The recoil rates are scaled per kilogram of
target material. We used the SHM (Sec. II C) for the WIMP velocity distribution. To the left is an iDM model; to the right,
an exoDM model. Arrows mark the energy thresholds used for the mock experiments used in our analysis.

Milky Way. The second method relies on a global, sim-
plified equilibrium model of the Galaxy, whereas the
first method typically depends primarily on local pla-
nar symmetry to interpret the stellar kinematic data.
In principle, the first method relies on fewer more-or-
less motivated ansatzes for the Milky Way than the sec-
ond method does, although a few simplifying assump-
tions (e.g., no R � z cross term in the velocity dispersion
tensor) sometimes crop up. Both methods hinge on the
assumption of dynamical equilibrium.

Estimates of the local density using the first method,
using vertical motions of disk stars, have varied some-
what over the past three decades, but the mean value
has always been near the canonical value of ⇢� =
0.3 GeV cm�3. The first estimate of the local dark-
matter density was made by Jan Oort in 1932, in which
he found that half the local matter density should con-
sist of invisible material [104]. The topic was revived
in 1984 by Bahcall, who came to similar conclusions us-
ing a sample of F stars, and later a sample of K giants
[105–107]. Bahcall and collaborators found that near the
Sun the density is ⇢� = 0.1M

�

pc�3 (⇠ 4 GeV cm�3),
and that the dark matter should be disky in structure.
Around this time, Bienayme et al. [108] and Kuijken &
Gilmore [109–113] disputed that result, finding no evi-
dence for a thin disk of dark matter but allowing a lo-
cal dark-matter halo density ⇢� ⇠ 0.008M

�

pc�3 (the
canonical value; see also Ref. [114]). Many other authors
have found that there is no need for a thin (i.e., simi-
lar in scale height to the stellar thin disk) disk of dark

matter in the Milky Way, and that even a local halo den-
sity of 0 is allowed [115–119]. Bienaymé et al. [120]
finds ⇢� . 0.014M

�

pc�3 (0.53 GeV cm�3) and Gar-
bari et al. [121, 122] find ⇢� = 0.003+0.0009

�0.007 M
�

pc�3

(0.11+0.34
�0.27 GeV cm�3) and ⇢� = 0.025+0.014

�0.013M�

pc�3

(0.95+0.57
�0.50 GeV cm�3) depending on the stellar sample.

Salucci et al. [123] find ⇢� = 0.43+0.11
�0.10 GeV cm�3. Moni

Bidin et al. [124] initially found no dark matter locally.
Once Bovy & Tremaine [125] corrected the misinterpre-
tation of asymmetric drift in Ref. [124] they found that
the data were consistent with ⇢� = 0.3 ± 0.1 GeV cm�3.
Using a set of mono-abundance populations defined in
the SEGUE survey data set, Bovy & Rix [126] also find
the same central value and uncertainty in ⇢� as Bovy &
Tremaine. Zhang et al. [127] find, using the kinematics
of K dwarfs, ⇢� = 0.25 ± 0.09 GeV cm�3.

Using the second method, an early estimate of the lo-
cal density was ⇢� = 0.2 � 0.8 GeV cm�3 depending on
the form of the density profile of the Milky Way halo
[128]. Using Bayesian inference, and including a wide
range of dynamical data sets, Catena & Ullio [129] find
⇢� = 0.389±0.025 GeV cm�3 for a Navarro-Frenk-White
(NFW) dark-matter halo density profile [130, 131]. Us-
ing similar methods but a di↵erent data set, McMillan
[132] finds ⇢� = 0.40±0.04 GeV cm�3 for an NFW halo.
Using frequentist statistics, Weber & de Boer [133] find
⇢� = (0.2�0.4) GeV cm�3, and Nesti & Salucci [134] find
⇢� = (0.4�0.55) GeV cm�3 depending on the functional
form of the halo profile. Iocco et al. include microlensing
data in their analysis; this leads to a density estimate of

[1309.0825]

[1310.7039]

Higher-order interactions 
(e.g. NREFT)

[1008.1591, 1203.3542]
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FIG. 5: Recoil spectra for inelastic and exothermic dark matter models. The recoil rates are scaled per kilogram of
target material. We used the SHM (Sec. II C) for the WIMP velocity distribution. To the left is an iDM model; to the right,
an exoDM model. Arrows mark the energy thresholds used for the mock experiments used in our analysis.

Milky Way. The second method relies on a global, sim-
plified equilibrium model of the Galaxy, whereas the
first method typically depends primarily on local pla-
nar symmetry to interpret the stellar kinematic data.
In principle, the first method relies on fewer more-or-
less motivated ansatzes for the Milky Way than the sec-
ond method does, although a few simplifying assump-
tions (e.g., no R � z cross term in the velocity dispersion
tensor) sometimes crop up. Both methods hinge on the
assumption of dynamical equilibrium.

Estimates of the local density using the first method,
using vertical motions of disk stars, have varied some-
what over the past three decades, but the mean value
has always been near the canonical value of ⇢� =
0.3 GeV cm�3. The first estimate of the local dark-
matter density was made by Jan Oort in 1932, in which
he found that half the local matter density should con-
sist of invisible material [104]. The topic was revived
in 1984 by Bahcall, who came to similar conclusions us-
ing a sample of F stars, and later a sample of K giants
[105–107]. Bahcall and collaborators found that near the
Sun the density is ⇢� = 0.1M

�

pc�3 (⇠ 4 GeV cm�3),
and that the dark matter should be disky in structure.
Around this time, Bienayme et al. [108] and Kuijken &
Gilmore [109–113] disputed that result, finding no evi-
dence for a thin disk of dark matter but allowing a lo-
cal dark-matter halo density ⇢� ⇠ 0.008M

�

pc�3 (the
canonical value; see also Ref. [114]). Many other authors
have found that there is no need for a thin (i.e., simi-
lar in scale height to the stellar thin disk) disk of dark

matter in the Milky Way, and that even a local halo den-
sity of 0 is allowed [115–119]. Bienaymé et al. [120]
finds ⇢� . 0.014M

�

pc�3 (0.53 GeV cm�3) and Gar-
bari et al. [121, 122] find ⇢� = 0.003+0.0009

�0.007 M
�

pc�3

(0.11+0.34
�0.27 GeV cm�3) and ⇢� = 0.025+0.014

�0.013M�

pc�3

(0.95+0.57
�0.50 GeV cm�3) depending on the stellar sample.

Salucci et al. [123] find ⇢� = 0.43+0.11
�0.10 GeV cm�3. Moni

Bidin et al. [124] initially found no dark matter locally.
Once Bovy & Tremaine [125] corrected the misinterpre-
tation of asymmetric drift in Ref. [124] they found that
the data were consistent with ⇢� = 0.3 ± 0.1 GeV cm�3.
Using a set of mono-abundance populations defined in
the SEGUE survey data set, Bovy & Rix [126] also find
the same central value and uncertainty in ⇢� as Bovy &
Tremaine. Zhang et al. [127] find, using the kinematics
of K dwarfs, ⇢� = 0.25 ± 0.09 GeV cm�3.

Using the second method, an early estimate of the lo-
cal density was ⇢� = 0.2 � 0.8 GeV cm�3 depending on
the form of the density profile of the Milky Way halo
[128]. Using Bayesian inference, and including a wide
range of dynamical data sets, Catena & Ullio [129] find
⇢� = 0.389±0.025 GeV cm�3 for a Navarro-Frenk-White
(NFW) dark-matter halo density profile [130, 131]. Us-
ing similar methods but a di↵erent data set, McMillan
[132] finds ⇢� = 0.40±0.04 GeV cm�3 for an NFW halo.
Using frequentist statistics, Weber & de Boer [133] find
⇢� = (0.2�0.4) GeV cm�3, and Nesti & Salucci [134] find
⇢� = (0.4�0.55) GeV cm�3 depending on the functional
form of the halo profile. Iocco et al. include microlensing
data in their analysis; this leads to a density estimate of

[1310.7039]

[1309.0825]
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m� = 25 GeV m� = 50 GeV m� = 250 GeV

m� �p
SI ⇢0 v0 vesc k m� �p

SI ⇢0 v0 vesc k m� �p
SI ⇢0 v0 vesc k

m� � 0.039 -0.006 -0.850 -0.238 -0.002 � 0.098 -0.006 -0.870 -0.079 -0.004 � 0.874 -0.011 -0.615 -0.027 0.022

�p
SI � � -0.887 -0.237 0.116 0.010 � � -0.957 -0.175 0.026 -0.031 � � -0.452 -0.525 -0.024 0.015

⇢0 � � � 0.013 -0.005 0.005 � � � 0.014 -0.010 0.030 � � � 0.002 0.015 0.010

v0 � � � � -0.087 -0.004 � � � � -0.151 0.011 � � � � -0.049 -0.008

vesc � � � � � 0.000 � � � � � -0.009 � � � � � 0.001

TABLE IV: The correlation factors r(X,Y ) = cov(X,Y )/(�(X)�(Y )) for the posteriors obtained from the combined data set
Xe+Ge+Ar and including the astrophysical uncertainties with priors as in Table II.
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FIG. 5: The marginalised posterior distribution function for m� (left frame) and v0 (right frame) with the data sets Xe, Xe+Ge
and Xe+Ge+Ar for the 50 GeV benchmark. The parameters ⇢0, v0, vesc and k were varied in the ranges indicated in the
middle column of Table II with a uniform prior and no constraint on astrophysics was applied. The probability distributions
are therefore a result of the constraining power of direct detection data only, which have the potential to achieve self-calibration
of the circular velocity.

and v
esc

described in Section V. Instead, we used uni-
form, non-informative priors on ⇢

0

, v
0

, v
esc

and k in the
ranges indicated in the middle column of Table II. We
focus on the 50 GeV benchmark and use the data sets
Xe, Xe+Ge and Xe+Ge+Ar. With this large freedom on
the astrophysical side, it turns out that direct detection
data alone leave ⇢

0

, v
esc

and k unconstrained within their
ranges while �p

SI

is pinpointed within approximately one
order of magnitude. Only the DM mass m

�

and the cir-
cular velocity v

0

can be constrained by direct detection,
as shown in Fig. 5. This figure stresses two interest-
ing results. First, if m

�

= 50 GeV (and �p

SI

= 10�9

pb), the next generation of experiments will be able to
determine the WIMP mass within a few tens of GeV
(percent 1� accuracy of 11.8%) even with very loose as-
sumptions on the local DM distribution. Second, the
right frame in Fig. 5 shows that the combination of Xe,
Ge and Ar targets is very powerful in constraining v

0

on
its own without external priors. In particular, the data
set Xe+Ge+Ar (solid blue line) is su�cient to infer at
1� v

0

= 238 ± 22 km/s (compared to the top-hat prior
in the range 80�380 km/s). This represents already a
smaller uncertainty than the present-day constraint that

we have taken, v
0

= 230±30 km/s – in case of a positive
signal, a combination of direct detection experiments will
probe in an e↵ective way the local circular velocity. Re-
peating the same exercise for the 25 GeV benchmark we
find good mass reconstruction but a weaker constraint:
v
0

= 253± 39 km/s. Again, we stress that the quoted v
0

uncertainties in this paragraph do not take into account
possible systematic deviations from the parameterisation
in Eq. (12).

VII. CONCLUSIONS

We have discussed the reconstruction of the key phe-
nomenological parameters of WIMPs, namely mass and
scattering cross-section o↵ nuclei, in case of positive de-
tection with one or more direct DM experiments planned
for the next decade. We have in particular studied the
complementarity of ton scale experiments with Xe, Ar
and Ge targets, adopting experimental configurations
that may realistically become available over this time
scale.
To quantify the degree of complementarity of di↵erent

‘Materials’ Signal
Standard SI scattering rate scales differently for different targets:

Can use different targets to 
pin down DM mass (and 
astrophysical uncertainties)

Maximum complementarity 
when using targets with  
Z/(A-Z) as different as possible: 

 Si: Z/(A-Z) ~ 1 
     vs. 

Xe: Z/(A-Z) ~ 0.68
[1304.1758, 1610.06581]

[1012.3458]

dR

dER
� µ2

�A |fpZ + fn(A � Z)|2 � µ2
�AA2

[1310.7039]

m� [GeV]

P (m�)



‘Materials’ Signal vs Neutrinos
dR�

dER
� (A � Z)2Coherent neutrino scattering:

Target complementarity is stronger for spin-dependent  
interactions than for spin-independent interactions

[1408.3581]

8B neutrinos from the Sun 
mimic a WIMP with this 

cross-section



Directionality (1)

Cygnus constellation

vsun � 220 km s�1

�vDM� � 220 km s�1

Detector

In the DM Halo:

In the lab:



Directionality (2)
[1602.03781]
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FIG. 1: Left: Flux of 100 GeV WIMPs moving with speeds higher than vmin as needed to produce 25 keV F recoils. Right:
Angular distribution of the energy differential recoil rate in F for WIMP mass 100 GeV, and recoil energy of 25 keV. Maps are
incoming direction of WIMP-induced recoils in Mollweide equal-area projections, in Galactic coordinates. For convenience, we
present the direction of vlab as a cross on the maps.

signatures unique to directional detectors in sections IVC and IVD: the ring and aberration features. The detection
of ring and aberration features requires lower energy thresholds and more events than the detection of the dipole, but
they can provide additional constraints on the WIMP and halo properties, see Sec. VII.
The Radon transform (Eq. 11) in the laboratory frame for the truncated Maxwellian WIMP velocity distribution,

Eq. 3, is [140]

f̂(vmin, r̂) =

!
1

Nesc(2πσ2
v)

1/2

"
exp

#
− [vmin+r̂·vlab]

2

2σ2
v

$
− exp

#
− v2

esc

2σ2
v

$%
if vmin + r̂ · vlab < vesc ,

0 otherwise ,
(18)

Here vlab is the velocity of the laboratory with respect to the Galaxy (hence the average velocity of the WIMPs
with respect to the detector is −vlab), and

Nesc = erf

&
vesc√
2σv

'
−
(

2

π

vesc
σv

exp

)
−v2esc
2σ2

v

*
. (19)

The nuclear recoil direction r̂ is measured in the detector reference frame, and in order to compute f̂ we need to
evaluate r̂ · vlab. The transformation equations for r̂ and vlab to go from the detector frame to the Galactic reference
frame are given in Appendix A.
One can see from Eq. 18 that there are two regimes of interest, depending on the value of vmin , as defined by Eq. 8.

First, if vmin > vlab, then the argument of the first exponential cannot be zero, but is minimized when r̂ and vlab are
anti-parallel. This leads to a dipole feature in the recoil angle distribution (Sec. IVB). Second, if vmin < vlab, i.e. for
low recoil energies and large WIMP masses (see Eq. 8), then the argument of the first exponential can be zero, and
the recoil angle distribution will exhibit a ring-like feature (see Sec. IVC).

B. Dipole feature

A directional detector located on the Earth will experience a WIMP head-wind caused by the Earth’s motion
through the Galactic WIMP distribution (the halo). The resulting WIMP-induced nuclear recoils will come from the
direction to which the vector vlab is pointing. This dipole feature was first described by Spergel [17], who showed
that the recoil rates in the forward and backward directions differed by a factor of order 10, depending on the recoil
energy threshold. Because no known backgrounds can mimic this angular signature, the dipole feature, which is only
accessible to directional detectors, is generally considered to be a smoking-gun evidence for WIMP Dark Matter.
As an example of the dipole feature, Figure 1 left shows a map of the WIMP flux in Galactic coordinates, assuming

that the WIMP velocity distribution is Maxwellian. The incoming WIMP flux appears to come primarily from
the direction of the Earth’s motion through the Galaxy, shown as cross at position (l, b) = (π/2, 0), where (l, b)
are Galactic longitude and latitude. Figure 1 right presents the incoming direction of WIMP-induced recoils (for

17

FIG. 3: Directional differential recoil rate in F for different combinations of the Galactic rotation speed vc and the WIMP
velocity dispersion σv shown in Mollweide equal-area projection of incoming directions in Galactic coordinates. Top left panel:
vc = 180 km s−1, σv = 225 km s−1 on May 30; top right panel: vc = 180 km s−1, σv = 173 km s−1 on May 30; bottom left panel:
vc = 312 km s−1, σv = 225 km s−1 on June 2; bottom right panel: vc = 312 km s−1, σv = 173 km s−1 on June 2. In all panels we
assume Er = 5 keV, mχ = 100 GeV, and vesc = 544 km s−1. For convenience, we present the direction of vlab as a cross on the
map. The values corresponding to each color shown in the horizontal bars are given in units of 10−5

×(ρ0.3σ
SD
p,40/kg day keV sr),

where ρ0.3 is the Dark Matter density in units of 0.3 GeV cm−3 and σSD
p,40 is the WIMP-proton spin-dependent cross section in

units of 10−40 cm2 (consistent with current experimental limits from direct detection experiments). The angular radius of the
ring is γ = 51◦ and 67◦ in the top and bottom panels, respectively.

Since the ecliptic plane is at an angle of ∼ 60◦ with respect to the Galactic plane, the velocity of the Earth’s
revolution points toward the North Galactic Hemisphere (NGH) for half of the year and toward the South Galactic
Hemisphere (SGH) for the other half. This causes the component of vlab perpendicular to the Galactic plane to
point slightly toward the NGH in December and slightly toward the SGH half a year later (see Fig. 1 of Ref. [168]).
Therefore, in the right panel of Fig. 4 the positive directional differential rate differences (lighter regions) are mostly
in the SGH and the negative rate differences (darker regions) are mostly in the NGH.
The aberration effect persists in the energy and time integrated rates [168], and such patterns require a very large

number of events to be observed. We study the detectability of the aberration features in Sec. VII C. Notice that
Solar gravitational focusing [110, 111, 169–172] can potentially affect the aberration features, but it is neglected in
this work for simplicity.

V. SETTING LIMITS ON WIMP-NUCLEON SCATTERING

A. Introduction

When the significance of a WIMP signal is insufficient to claim a discovery, one instead sets an upper limit on the
WIMP-nucleon interaction cross section, and hence excludes a set of WIMP model parameter space. A directional
detector by definition provides more information about each WIMP recoil candidate than a non-directional detector.
The former measures the double-differential spectrum (Eq. 10), while the latter measures just the energy spectrum
(Eq. 12). The additional angular information measured by a directional detector can improve the separation of

High energy recoils

dipole in recoil directions

Low energy recoils

Ring-like feature
[1111.6361]

‘Ring’ feature may be enhanced for some non-standard interactions
[1505.07406]
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FIG.1:Left:Fluxof100GeVWIMPsmovingwithspeedshigherthanvminasneededtoproduce25keVFrecoils.Right:
AngulardistributionoftheenergydifferentialrecoilrateinFforWIMPmass100GeV,andrecoilenergyof25keV.Mapsare
incomingdirectionofWIMP-inducedrecoilsinMollweideequal-areaprojections,inGalacticcoordinates.Forconvenience,we
presentthedirectionofvlabasacrossonthemaps.

signaturesuniquetodirectionaldetectorsinsectionsIVCandIVD:theringandaberrationfeatures.Thedetection
ofringandaberrationfeaturesrequireslowerenergythresholdsandmoreeventsthanthedetectionofthedipole,but
theycanprovideadditionalconstraintsontheWIMPandhaloproperties,seeSec.VII.

TheRadontransform(Eq.11)inthelaboratoryframeforthetruncatedMaxwellianWIMPvelocitydistribution,
Eq.3,is[140]

f̂(vmin,̂r)=

!
1

Nesc(2πσ2
v)

1/2

"
exp

#
−[vmin+r̂·vlab]

2

2σ2
v

$
−exp

#
−v2

esc

2σ2
v

$%
ifvmin+r̂·vlab<vesc,

0otherwise,
(18)

HerevlabisthevelocityofthelaboratorywithrespecttotheGalaxy(hencetheaveragevelocityoftheWIMPs
withrespecttothedetectoris−vlab),and

Nesc=erf

&
vesc √
2σv

'
−

(
2

π

vesc
σv

exp

)
−v2esc

2σ2
v

*
.(19)

Thenuclearrecoildirectionr̂ismeasuredinthedetectorreferenceframe,andinordertocomputef̂weneedto
evaluater̂·vlab.Thetransformationequationsforr̂andvlabtogofromthedetectorframetotheGalacticreference
framearegiveninAppendixA.

OnecanseefromEq.18thattherearetworegimesofinterest,dependingonthevalueofvmin,asdefinedbyEq.8.
First,ifvmin>vlab,thentheargumentofthefirstexponentialcannotbezero,butisminimizedwhenr̂andvlabare
anti-parallel.Thisleadstoadipolefeatureintherecoilangledistribution(Sec.IVB).Second,ifvmin<vlab,i.e.for
lowrecoilenergiesandlargeWIMPmasses(seeEq.8),thentheargumentofthefirstexponentialcanbezero,and
therecoilangledistributionwillexhibitaring-likefeature(seeSec.IVC).

B.Dipolefeature

AdirectionaldetectorlocatedontheEarthwillexperienceaWIMPhead-windcausedbytheEarth’smotion
throughtheGalacticWIMPdistribution(thehalo).TheresultingWIMP-inducednuclearrecoilswillcomefromthe
directiontowhichthevectorvlabispointing.ThisdipolefeaturewasfirstdescribedbySpergel[17],whoshowed
thattherecoilratesintheforwardandbackwarddirectionsdifferedbyafactoroforder10,dependingontherecoil
energythreshold.Becausenoknownbackgroundscanmimicthisangularsignature,thedipolefeature,whichisonly
accessibletodirectionaldetectors,isgenerallyconsideredtobeasmoking-gunevidenceforWIMPDarkMatter.

Asanexampleofthedipolefeature,Figure1leftshowsamapoftheWIMPfluxinGalacticcoordinates,assuming
thattheWIMPvelocitydistributionisMaxwellian.TheincomingWIMPfluxappearstocomeprimarilyfrom
thedirectionoftheEarth’smotionthroughtheGalaxy,shownascrossatposition(l,b)=(π/2,0),where(l,b)
areGalacticlongitudeandlatitude.Figure1rightpresentstheincomingdirectionofWIMP-inducedrecoils(for

Few recoilsMany recoils



Directionality (3)

Can reject signal isotropy with O(10) signal events
[hep-ph/9904499, astro-ph/0408047]

Can confirm median recoil direction with O(30) events
[1002.2717,1012.3960]

Powerful method of confirming DM origin of signal  
(and rejecting backgrounds):

Can allow us to to distinguish DM and neutrino scattering 
and probe into the neutrino regime

[1406.5047, 1505.08061]



Chronic symptoms of DM

chronic [kron-ik]  
adjective 

(of a disease) having long duration 
 (opposed to acute)



Annual Modulation (1)

[1312.1355]

vEarth(t) = vSun + uE(t)

O(1-10%) annual modulation of DM flux:
Maximum in June, Minimum in December

vSun � 230 km s�1

uE � 30 km s�1



Annual Modulation (2)

[1209.3339]

where !N! ¼ ffiffiffiffiffiffiffi
N!

p
are the errors in the counts. The statis-

tical significance of the measured modulation amplitude is

S0m
!S0m

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MT!ES02m

S00

s
/

ffiffiffiffiffiffiffi
NT

p S0m
S00

; (33)

where NT # Nþ þ N% is the total number of events. While
this derivation is for a simple two bin analysis of the yearly
modulation, the above proportionality relationship holds true
for any modulation signal and analysis scheme: a reduction in
the modulation amplitude Sm by a factor of 2 requires an
increase in the number of detected events NT (and hence
exposure) by a factor of 4 to be detected to the same statistical
significance. Thus, to detect the daily modulation signal to the
same significance as the annual modulation signal, where the
amplitude of the former is * 60 times smaller than the latter
(Earth’s surface rotational speed of & 0:5 km=s versus an
orbital speed of 30 km=s), requires an increase in exposure by
a factor of at least Oð602Þ, a daunting task.

In the remainder of this section, we examine the modula-
tion for the SHM and substructure components. Figure 3
summarizes the conclusions we reach. Note that the expected
modulation amplitude depends sensitively on the assumed
dark matter velocity distribution. In reality, the local dark
matter is likely comprised of both a virialized and an unvi-
rialized component, meaning that a signal at a direct detection
experiment may be due to several different dark matter
components. In this case, a modulation of the form given
by Eq. (29) with a fixed phase t0 may not be a good approxi-
mation; the shape of the modulation for the total rate may no
longer be sinusoidal in shape and/or the phase may vary with
vmin. Furthermore, there are cases when Eq. (29) is a bad
approximation even for a single halo component; an example
is shown below for a stream. We conclude this section with a
discussion of what can be learned about the local halo in these
more complicated scenarios.

A. Smooth background halo: Isothermal (standard) halo model

We now apply our general discussion of the modulation
rate to the example of a simple isothermal sphere (Freese,
Frieman, and Gould, 1988). As discussed in Sec. II.B, the
SHM is almost certainly not an accurate model for the dark
matter velocity distribution in the Milky Way. However, its
simple analytic form provides a useful starting point for
gaining intuition about the modulation spectrum of the viri-
alized dark matter component.

As shown in Eq. (3), the differential count rate in a detector
is directly proportional to the mean inverse speed "; the time
dependence of the recoil rate arises entirely through this term.
To study the expected time dependence of the signal in the
detector, we therefore focus on the time dependence of "; in
particular, we investigate the annual modulation of the quan-
tity " as it is the same as that of the dark matter count rate.

For the SHM or any dark matter component with a velocity
distribution described by Eq. (14) or (17), the mean inverse
speed has an analytical form, presented in Appendix B and in
Savage, Freese, and Gondolo (2006) and McCabe (2010).
Figure 2 illustrates "ðvminÞ for the SHM, taking v0 ¼ vrot as
expected for an isothermal spherical halo.

Figure 2 shows "ðvminÞ at t0 ’ June 1, the time of year at
which the Earth is moving fastest through the SHM, as well as
on 1 December, when the Earth is moving slowest; there is a
(small) change in " over the year. The corresponding recoil
spectra, as a function of recoil energy, are given in schematic
form in the first panel of Fig. 3. The amplitude of the
modulation,

A1ðEÞ (
1

2

"
dR

dE
ðE; June 1Þ % dR

dE
ðE;Dec 1Þ

#
; (34)

is also shown in the figure. Two features of the modulation are
apparent for the SHM: (1) the amplitude of the modulation is
small relative to the average rate, with an exception to be
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FIG. 3 (color online). Comparison of the shapes of the total rate shown at two periods of the year, corresponding to the times of year at
which the rate is minimized and maximized, as well as the modulation amplitude, for three different halo components: SHM (left), debris flow
(middle), and stream (right). The normalization between panels is arbitrary.
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where !N! ¼ ffiffiffiffiffiffiffi
N!

p
are the errors in the counts. The statis-

tical significance of the measured modulation amplitude is

S0m
!S0m

/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MT!ES02m

S00

s
/

ffiffiffiffiffiffiffi
NT

p S0m
S00

; (33)

where NT # Nþ þ N% is the total number of events. While
this derivation is for a simple two bin analysis of the yearly
modulation, the above proportionality relationship holds true
for any modulation signal and analysis scheme: a reduction in
the modulation amplitude Sm by a factor of 2 requires an
increase in the number of detected events NT (and hence
exposure) by a factor of 4 to be detected to the same statistical
significance. Thus, to detect the daily modulation signal to the
same significance as the annual modulation signal, where the
amplitude of the former is * 60 times smaller than the latter
(Earth’s surface rotational speed of & 0:5 km=s versus an
orbital speed of 30 km=s), requires an increase in exposure by
a factor of at least Oð602Þ, a daunting task.

In the remainder of this section, we examine the modula-
tion for the SHM and substructure components. Figure 3
summarizes the conclusions we reach. Note that the expected
modulation amplitude depends sensitively on the assumed
dark matter velocity distribution. In reality, the local dark
matter is likely comprised of both a virialized and an unvi-
rialized component, meaning that a signal at a direct detection
experiment may be due to several different dark matter
components. In this case, a modulation of the form given
by Eq. (29) with a fixed phase t0 may not be a good approxi-
mation; the shape of the modulation for the total rate may no
longer be sinusoidal in shape and/or the phase may vary with
vmin. Furthermore, there are cases when Eq. (29) is a bad
approximation even for a single halo component; an example
is shown below for a stream. We conclude this section with a
discussion of what can be learned about the local halo in these
more complicated scenarios.

A. Smooth background halo: Isothermal (standard) halo model

We now apply our general discussion of the modulation
rate to the example of a simple isothermal sphere (Freese,
Frieman, and Gould, 1988). As discussed in Sec. II.B, the
SHM is almost certainly not an accurate model for the dark
matter velocity distribution in the Milky Way. However, its
simple analytic form provides a useful starting point for
gaining intuition about the modulation spectrum of the viri-
alized dark matter component.

As shown in Eq. (3), the differential count rate in a detector
is directly proportional to the mean inverse speed "; the time
dependence of the recoil rate arises entirely through this term.
To study the expected time dependence of the signal in the
detector, we therefore focus on the time dependence of "; in
particular, we investigate the annual modulation of the quan-
tity " as it is the same as that of the dark matter count rate.

For the SHM or any dark matter component with a velocity
distribution described by Eq. (14) or (17), the mean inverse
speed has an analytical form, presented in Appendix B and in
Savage, Freese, and Gondolo (2006) and McCabe (2010).
Figure 2 illustrates "ðvminÞ for the SHM, taking v0 ¼ vrot as
expected for an isothermal spherical halo.

Figure 2 shows "ðvminÞ at t0 ’ June 1, the time of year at
which the Earth is moving fastest through the SHM, as well as
on 1 December, when the Earth is moving slowest; there is a
(small) change in " over the year. The corresponding recoil
spectra, as a function of recoil energy, are given in schematic
form in the first panel of Fig. 3. The amplitude of the
modulation,

A1ðEÞ (
1

2

"
dR

dE
ðE; June 1Þ % dR

dE
ðE;Dec 1Þ

#
; (34)

is also shown in the figure. Two features of the modulation are
apparent for the SHM: (1) the amplitude of the modulation is
small relative to the average rate, with an exception to be
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FIG. 3 (color online). Comparison of the shapes of the total rate shown at two periods of the year, corresponding to the times of year at
which the rate is minimized and maximized, as well as the modulation amplitude, for three different halo components: SHM (left), debris flow
(middle), and stream (right). The normalization between panels is arbitrary.
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Modulation amplitude and phase depends on 
DM mass and recoil energy Enr

‘Cross-over’ energy Ec may help determine the 
DM mass [astro-ph/0307190]

Ec

June

Dec



Annual Modulation - DAMA

[1002.1028]

Proposed annual modulation signal due to DM in 
DAMA experiment…

…so far, no ‘materials’ signal observed…

[1602.04074]
…even with non-standard astrophysics and/or interactions

[1205.0134]



vrot � 0.5 km s�1
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FIG. 3: Laboratory velocity as function of the sidereal time, for a year-long interval. In this scale the curves corresponding to
each lab do not differentiate each other (see the text for the explanation).
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FIG. 4: Laboratory velocity as function of the sidereal time, for a shorter period of time.

C. Nuclear form factor

We have considered the spin-independent cross section

σSI
0 =

4

π
µ2 [Zfp + (A− Z)fn]

2 , (16)

where Z is the proton number, A − Z the neutron number, fp and fn are the proton and neutron coupling factors.
The nuclear form-factor can be defined as [38]

F (q) =
4π

A

! ∞

0

r

q
ρ(r) sin(qr)dr , (17)

where ρ(r) is the nuclear density

ρ(r) =
ρ0

1 + e
(r−R0)

a

, (18)

and where a ≃ 0.65 fm, R0 = 1.12A
1
3 fm and ρ0 = 0.17 nucleons/fm3 [39].

Daily Modulation (due to Earth’s rotation)

[1611.00802]

vEarth(t) = vSun + uE(t) + vrot(t)

Produces a very small diurnal modulation (amplitude less 
 than 0.1%) - but will be an important consistency check

[1505.02615]
Also expect a 10-5 monthly modulation due to Moon’s influence!

[1409.2858]

v la
b

time [days]



Gravitational Focusing

[astro-ph/0608390,  
1308.1953, 1405.2340]

E↵ect of Gravitational Focusing on Annual Modulation

in Dark-Matter Direct-Detection Experiments

Samuel K. Lee,1 Mariangela Lisanti,1 Annika H. G. Peter,2 and Benjamin R. Safdi3

1Princeton Center for Theoretical Science, Princeton University, Princeton, NJ 08544
2CCAPP and Departments of Physics and Astronomy,

The Ohio State University, Columbus, OH 43210
3Department of Physics, Princeton University, Princeton, NJ 08544

(Dated: February 3, 2014)

The scattering rate at dark-matter direct-detection experiments should modulate annually due to
the Earth’s orbit around the Sun. The rate is typically thought to be extremized around June 1,
when the relative velocity of the Earth with respect to the dark-matter wind is maximal. We point
out that gravitational focusing can alter this modulation phase. Unbound dark-matter particles are
focused by the Sun’s gravitational potential, a↵ecting their phase-space density in the lab frame.
Gravitational focusing can result in a significant overall shift in the annual-modulation phase, which
is most relevant for dark matter with low scattering speeds. The induced phase shift for light O(10)
GeV dark matter may also be significant, depending on the threshold energy of the experiment.

An annually modulating signal at a direct-detection
experiment is considered to be one of the tell-tale sig-
natures of dark matter [1] (for a recent review, see [2]).
Due to the motion of the Sun around the Galactic Center,
there is a “wind” of dark matter (DM) particles in the
Solar reference frame. This wind would result in a con-
stant flux in the lab frame, but the Earth’s orbit around
the Sun leads, instead, to an annually modulating signal.

The time dependence in the detection rate can be seen
explicitly as follows. For typical spin-independent and
-dependent interactions, the di↵erential rate for a DM
particle scattering o↵ a target nucleus is proportional to

dR

dE
nr

/ ⇢

Z 1

v
min

f (v, t)

v
d3v , (1)

where ⇢ is the local DM density, v
min

is the minimum
DM speed to induce a nuclear recoil with energy E

nr

,
and f(v, t) is the DM velocity distribution in the lab
frame [3, 4]. The time dependence in the rate is due to
the changing distribution of DM velocities over a year.

As explored in [5, 6], a harmonic analysis of the mod-
ulation signal can lead to valuable information about the
particle and astrophysics properties of the dark sector.
While [6] focused specifically on the contributions to the
higher-order modes from the eccentricity of the Earth’s
orbit, the Galactic escape velocity, and velocity substruc-
ture, other physical e↵ects can also come into play. Here,
we discuss focusing from the Sun’s gravitational potential
and its e↵ects on the phase of the modulation.

The DM velocity distribution is warped by the gravita-
tional field of the Sun, a phenomenon referred to as grav-
itational focusing (GF). Specifically, the Sun’s potential
deflects the incoming, unbound DM particles, increasing
their density and speed as they pass by the Sun. The
e↵ect of GF on the interstellar medium around a star
was considered by [7, 8], and the relevance of GF for DM
was explored in [9–12]. Ref. [9] concluded that the e↵ect
on the total rate is negligible. In this Letter, however,
we show that GF actually has a profound e↵ect on the

phase of the modulation and is highly relevant for current
direct-detection experiments.

GF a↵ects the time dependence of the di↵erential
rate as follows. The Earth is traveling fastest into the
DM wind around June 1. This means that during the
fall (⇠September 1), the Earth is in front of the Sun,
fully exposed to the DM wind, and during the spring
(⇠March 1), it is behind the Sun. As Fig. 1 illustrates,
GF is stronger during the spring than the fall because
the DM particles have spent more time near the Sun; the
changes in their density and velocity distribution are ac-
cordingly more significant. Thus, when GF is accounted
for, the time dependence in (1) arises not only from the
velocity distribution but also from the density. The ef-
fect on the rate is more pronounced for slower-moving
particles that linger in the Sun’s potential.

To more precisely calculate the e↵ect of GF, we use
the fact that the phase-space density of the DM along
trajectories is constant in time due to Liouville’s theo-

Sun

Earth

DM Wind

June 1 

Sept 1 March 1 

Dec 1 

Wednesday, July 31, 13

FIG. 1: A schematic illustration of the e↵ect of gravitational
focusing on unbound DM particles. The phase-space den-
sity of DM at Earth is greater around March 1 than around
September 1 due to this e↵ect.
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FIG. 3: (left) The time t0 when the di↵erential rate is maximized changes as a function of vmin. Without GF, this time is
around June 1 for vmin & 200 km/s and ⇠half a year earlier for smaller vmin. With GF, t0 is still approximately June 1 at high
vmin, but as vmin decreases, GF becomes more significant, and t0 ultimately asymptotes to a value ⇡ 21 days later than that
expected with no GF. The dot-dashed brown line marks March 1, which is the time when GF is maximal. The orange region
roughly accounts for the astrophysical error in t0 by varying v0 from 180 to 260 km/s. (right) The time t̄0 that maximizes
the binned rate as a function of the minimal bin energy Emin for DM masses 8, 15, and 50 GeV (thick lines). The thin lines
show the corresponding phases when GF is neglected. We assume 1 keVnr energy bins at a germanium detector; note that the
shapes of these curves are highly sensitive to the bin size and target nucleus.

Earth’s orbit dominates. However, as v
min

approaches
⇠200 km/s, GF becomes important. For v

min

well below
this scale, the expected maximum is around December 1,
and GF causes it to shift towards March 1 by around
(3 months)⇥1.5/(3+1.5) ⇡ 1 month. A more precise cal-
culation shows that at low v

min

, the maximum is shifted
by around 21 days.

We now calculate the phase shift due to GF.The time-
dependence of the di↵erential rate is captured by

dR

dE
nr

⇡ A
0

+A
1

cos !(t� t
0

��t) , (6)

where A
1

� 0, t
0

is the maximum of the rate, and �t
is a possible phase shift that may arise from including
the biannual and higher-frequency modes, which are not
shown in (6). For isotropic distributions, the biannual
mode is suppressed relative to the mode A

1

by ⇠1/30 [6].
This may be enhanced at high v

min

, as it becomes in-
creasingly sensitive to the Galactic escape velocity [6].
GF also enhances the biannual mode, as captured by the
phase �t. When GF is neglected, t

0

⇡ June 1 at large
v
min

and ⇠half a year later at low v
min

. The transition
occurs around v

min

⇡ 200 km/s, at which point A
1

has a
zero, as is illustrated by the dashed red curve in the left
panel of Fig. 3.

GF may be accounted for by substituting the expres-
sion (2) for f(v, t) into (1). Assuming the SHM, we com-
pute the di↵erential rate numerically, calculate the time
t
0

, and perform the harmonic expansion (6) to find �t.
The result for t

0

as a function of v
min

is shown in the
left panel of Fig. 3 (solid black). The dotted black curve
shows the phase shift �t, which is most significant for
v
min

near 200 km/s. The shaded orange region takes

into account astrophysical uncertainties in the calcula-
tion of t

0

by varying v
0

from 180 to 260 km/s. Varying
v� [17] results in changes that are also contained within
the shaded region. At low v

min

⌧ 200 km/s, we find
that t

0

⇡ t
1

� 86 days, where t
1

is the time of the vernal
equinox. This is ⇠21 days later than the time one finds
when neglecting GF, indicated by the dashed red line.
In practice, direct-detection experiments measure

the di↵erential rate in terms of E
nr

instead of
v
min

. For elastic scattering, the two are related by
v
min

=
p

mnEnr

/ (2µ2), where mn is the mass of the nu-
cleus and µ is the reduced mass of the DM-nucleus sys-
tem. Note that, for the same E

nr

, a lighter DM particle
has a larger v

min

than a heavier DM particle. The con-
sequence of this is that lighter DM requires lower energy
thresholds to see the e↵ect of GF.
Experiments typically measure scattering rates in fi-

nite energy bins, so the relevant quantity is

R̄(E
min

, E
max

) =

Z E
max

E
min

dE
nr

dR

dE
nr

, (7)

for a bin with E
nr

= [E
min

, E
max

]. We use the no-
tation t̄

0

(E
min

, E
max

) to refer to the time of maximal
R̄(E

min

, E
max

). The right panel of Fig. 3 shows t̄
0

as
a function of E

min

, assuming a germanium target and
1 keV

nr

energy bins, for DM of mass 8 GeV (dashed red),
15 GeV (dotted black), and 50 GeV (solid orange). GF
causes a phase shift of more than 10 days from June 1
when E

min

is below ⇠1, 3, and 20 keV
nr

for 8, 15, and
50 GeV DM, respectively. The phase shift is particularly
significant for & 15 GeV DM. However, current advances
in low-threshold technology could make it possible to ob-

Gravitational focusing (GF) by 
the Sun produces a percent-level 

annual modulation of the rate

Date when rate is maximal

GF can shift the phase of the 
‘standard’ annual modulation

Also get small daily modulation 
due to GF by the Earth

[1505.02615]



Earth Scattering (1)
DM particles with ‘strong’ SI interactions could scatter in the 

Earth before reaching the detector

[Collar & Avignone, PLB 1992 
and many others]

[1509.08720]

�

Gives rise to a diurnal modulation as the Earth (and 
detector) rotate

May also give a directional signature

[astro-ph/9702165]

Detector



Earth Scattering (2)
Characteristic time variation which depends on location,  

as well as strength and form of DM interaction
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[1611.05453]

Italy Australia

E.g. diurnal modulation due to low mass (0.5 GeV) DM  
with 10% probability of scattering in the Earth:



Earth Scattering (2)
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E.g. diurnal modulation due to low mass (0.5 GeV) DM  
with 10% probability of scattering in the Earth:

[1611.05453]

Characteristic time variation which depends on location, 
as well as strength and form of DM interaction



‘Smoking Gun’

Energy, Direction, Timing, Position, Target…

Lots of inter-related variables to play with:

But lots of unknowns:
Mass, cross section, interactions,  

astrophysics, backgrounds…

‘Smoking Gun’ would need to be multiple signatures:
Spectrum across multiple detectors

Modulation at different locations
Directionality across a range of energies

Need all the ‘symptoms’ we can get!



WebDM®

Acute Symptoms:

Chronic Symptoms:

• Excess above background 
• Distinctive energy spectrum 
• ‘Materials’ signal 
• Directionality

• Annual Modulation 
• Daily Modulation

due to a number 
of factors

*Not to be confused with coherent neutrino scattering

“How do I know if I have Dark Matter in 
my direct detection experiment?”
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E.g. diurnal modulation due to low mass (0.5 GeV) DM  
with 10% probability of scattering in the Earth:

[1611.05453]

Characteristic time variation which depends on location, 
as well as strength and form of DM interaction
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