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Direct Detection

�
Detector DM flux: 

Focus on DM-nucleus  
scattering for now

�� =
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vf(v)

Convolve with DM-nucleus cross 
section to obtain nuclear recoil rate:
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Standard Halo Model

Standard Halo Model (SHM) is typically assumed: isotropic, 
spherically symmetric distribution of particles with                 . 

Leads to a Maxwell-Boltzmann (MB) distribution (in the lab frame):

�(r) � r�2

fLab(v) = (2πσ2
v)

−3/2 exp

[
− (v − ve)2

2σ2
v

]
Θ(|v − ve|− vesc)

[But see e.g. 1705.05853]

f(v) = v2

�
f(v) d�v
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Annual Modulation (Earth’s Orbit)

[1312.1355]

vEarth(t) = vSun + vE(t)

vSun � 230 km s�1

vE � 30 km s�1

O(1-10%) annual modulation of DM flux

Maximum in June, Minimum in December
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Daily Modulation (Earth’s Rotation)

vrot � 0.5 km s�1
vEarth(t) = vSun + vE(t) + vrot(t)
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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].

[1611.00802]

Produces a very small diurnal modulation (amplitude less than 0.1%)
[1505.02615]

v la
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time [days]
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Gravitational Focusing (GF)

Also modify DM velocities due to gravitational focusing from Sun and Earth

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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Gravitational Focusing (GF)

Also modify DM velocities due to gravitational focusing from Sun and Earth

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
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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-
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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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Perturb the velocity distribution, perturb the rate!
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Direct Detection Landscape
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Direct Detection Landscape
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Sub-GeV DM
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Direct Detection Landscape
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Sub-GeV DM

WIMPzillas
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Earth-Scattering of sub-GeV DM
BJK, Catena, Kouvaris [1611.05453]

Emken, Kouvaris, Shoemaker [1702.07750]
Emken & Kouvaris [1706.02249]

http://arxiv.org/abs/1702.07750
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Direct Detection of DM (in space?)

�

Detector

Unscattered (free) DM: f0(v)
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Direct Detection of DM on Earth

�

Detector
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Earth-Scattering - Stopping

�

Detector

Previous calculations usually only consider DM stopping:

Kouvaris & Shoemaker  
[1405.1729,1509.08720]

DAMA  
[1505.05336]

Zaharijas & Farrar 
[astro-ph/0406531]

Slowing/stopping of DM,                          without changing directionvi � vf < vi
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Deflection of Dark Matter

�

How good is the ‘stopping’ approximation?

Nucleus

�

Need to calculate the distribution of the deflection angle     :�

P (cos �) =
1

�

d�

dER

dER

d cos �

For standard SI, we have                                 at low mass

But let’s be more general…

d�

dER
� const.
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Non-relativistic effective field theory (NREFT)

SI

SD

O1 = 1

O4 = ~S� · ~SN

[1008.1591, 1203.3542, 1308.6288, 1505.03117]

Write down all possible non-relativistic (NR) WIMP-nucleon operators 
which can mediate the elastic scattering. 
[Fan et al - 1008.1591, Fitzpatrick et al. - 1203.3542]

See also Riccardo Catena’s talk for more details…
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Non-relativistic effective field theory (NREFT)

O1 = 1

O3 = i~SN · (~q ⇥ ~v?)/mN

O4 = ~S� · ~SN

O5 = i~S� · (~q ⇥ ~v?)/mN

O6 = (~S� · ~q)(~SN · ~q)/m2
N

O7 = ~SN · ~v?
O8 = ~S� · ~v?
O9 = i~S� · (~SN ⇥ ~q)/mN

O10 = i~SN · ~q/mN

O11 = i~S� · ~q/mN

SI

SD

O12 = ~S� · (~SN ⇥ ~v?)

O13 = i(~S� · ~v?)(~SN · ~q)/mN

O14 = i(~S� · ~q)(~SN · ~v?)/mN

O15 = �(~S� · ~q)((~SN ⇥ ~v?) · ~q/m2
N

...

Write down all possible non-relativistic (NR) WIMP-nucleon operators 
which can mediate the elastic scattering. 
[Fan et al - 1008.1591, Fitzpatrick et al. - 1203.3542]

�v� = �v +
�q

2µ�N
�qRecoil 

momentum

[1008.1591, 1203.3542, 1308.6288, 1505.03117]
See also Riccardo Catena’s talk for more details…
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Energy spectra

Standard SI/SD int.

m� = 100 GeV

d�

dER
� 1/v2
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Energy spectra

m� = 100 GeV

d�

dER
� v2

�/v2

d�

dER
� q2/v2
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DM deflection distribution

P (cos �) =
1

�

d�

dER

dER

d cos �

��
��
��

��
���
���

-� -��� � ��� ��

���

�

���

�

���

�� ���������� ������ ���α

�(
��
�α
)

���������� ���� �� - �χ = �� ���

��
��
��

��
���
���

-� -��� � ��� ��

���

�

���

�

�� ���������� ������ ���α

�(
��
�α
)

���������� ���� �� - �χ = ��� ���

ForwardBackward

Standard SI interaction
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Earth-Scattering - Attenuation

�

Detector

f(v) � f0(v) � fA(v)Attenuation of DM flux:

Forget slowing and think 
instead about attenuation:
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Earth-Scattering - Deflection

�

Detector
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[1702.07750, 
1706.02249] 
(see later)

Earth-Scattering - Deflection

�

Collar & Avignone  
[PLB 275, 1992  

and others]

Considered in early 
Monte Carlo 
simulations…

Can treat (without MC) in the ‘single scatter’ approximation…

� � RE

Assuming DM 
mean free path

As well as more 
recent ones…

Can be very important for light DM.

Detector
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f̃(v) = f0(v) � fA(v) + fD(v)

Earth-Scattering

Total DM velocity distribution:

�

altered flux, daily modulation, directionality…

� � RE

Assuming DM 
mean free path

Consider both  
attenuation and deflection

in an analytic framework 
(‘Single scatter’)

Consider non-standard 
DM-nucleon interactions  

(e.g. NREFT)

Detector
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de�,i =
1

n̄i

�

AB
ni(r)dl

�̄i(v)�1 = n̄i �(v)

Attenuation

Detector

A

B
v = (v, cos �, �)

f0(v) � fA(v) = f0(v) exp

�
�

species�

i

de�,i(cos �)

�̄i(v)

�

Sum over 8 most abundant elements in the Earth: O, Si, Mg, Fe, Ca, Na, S, Al
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Effective Earth-crossing distance

Most scattering comes from Oxygen (in the mantle) and Iron (in the core)

0.0 0.2 0.4 0.6 0.8 1.0
r/RE

0.0

0.5

1.0

1.5

2.0

n
(r

)
[c

m
�

3
]

⇥1023

Oxygen
Iron

NB: little Earth-scattering for spin-dependent interactions

0 ⇡/4 ⇡/2
✓
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Deflection

v = (v, cos �, �) Detector

A

B

C

v� = (v�, cos ��, ��) �̄i(v)�1 = n̄i �(v)
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Deflection

v = (v, cos �, �) Detector

A

B

C

v� = (v�, cos ��, ��) �̄i(v)�1 = n̄i �(v)

�i = v�/v

fD(v) =
species�

i

�
d2v̂� de�,i(cos �)

�i(�iv)

(�i)4

2�
f0(�iv, v̂�)Pi(cos �)

[Detailed calculation in 1611.05453]
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Deflection

v = (v, cos �, �) Detector

A

B

C

v� = (v�, cos ��, ��) �̄i(v)�1 = n̄i �(v)

�i = v�/v

fD(v) =
species�

i

�
d2v̂� de�,i(cos �)

�i(�iv)

(�i)4

2�
f0(�iv, v̂�)Pi(cos �)

Depends on total cross section

Depends on differential 
cross section
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Deflection

v = (v, cos �, �) Detector

A

B

C

v� = (v�, cos ��, ��) �̄i(v)�1 = n̄i �(v)

�i = v�/v

fD(v) =
species�

i

�
d2v̂� de�,i(cos �)

�i(�iv)

(�i)4

2�
f0(�iv, v̂�)Pi(cos �)

Depends on total cross section

Depends on differential 
cross section

Focus on low mass DM:
m� = 0.5 GeV

Fix couplings to give 10% 
probability of scattering in 

the Earth
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Deflection

v = (v, cos �, �) Detector

A

B

C

v� = (v�, cos ��, ��) �̄i(v)�1 = n̄i �(v)

�i = v�/v

fD(v) =
species�

i

�
d2v̂� de�,i(cos �)

�i(�iv)

(�i)4

2�
f0(�iv, v̂�)Pi(cos �)

Depends on total cross section

Depends on differential 
cross section

Focus on low mass DM:
m� = 0.5 GeV

Fix couplings to give 10% 
probability of scattering in 

the Earth

Now we have 
everything we need!
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EARTHSHADOW Code

EARTHSHADOW code is available online at:  
github.com/bradkav/EarthShadow

Including routines, numerical results, plots and animations…

http://github.com/bradkav/EarthShadow
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ve
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Comparison with Monte-Carlo

http://cp3-origins.dk/site/damascus

Monte-Carlo results from the DaMaSCUS code 
[Emken & Kouvaris - 1706.02249]
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Comparison with Monte-Carlo

http://cp3-origins.dk/site/damascus

Monte-Carlo results from the DaMaSCUS code 
[Emken & Kouvaris - 1706.02249]
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Speed Distribution - Operator 1

Detector

Calculate DM speed distribution after Earth scattering:

ve
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Speed Distribution - O1 vs O8
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Speed Distribution - O1 vs O12
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Earth-Scattering,           and          .Npert Nfree

Scattering predominantly 
with Oxygen and Calcium.

DM particles within           of the 
energy threshold

3�E

Eth � 300 eV

Translate the angle      into 
time and detector position
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Mapping the CRESST-II Rate
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Operator 1 - isotropic deflection
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Operator 8 - forward deflection

LNGS - Operator 8
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LNGS - Operator 12

LNGS - Gran Sasso Lab, Italy
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Operator 1 - isotropic deflection
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Around the world
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Beyond ‘single-scatter’

Emken & Kouvaris [1706.02249]

To go beyond the ‘single-scatter’ approximation,  
we need a Monte Carlo simulation… 

DAMASCUS: HTTP://CP3-ORIGINS.DK/SITE/DAMASCUS

http://cp3-origins.dk/site/damascus
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DaMaSCUS

DM comes from above

DM comes from below

Large O(1) daily modulation if  
DM scatters ~50 times during  

Earth-crossing

Emken & Kouvaris [1706.02249]
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Implications of Earth-Scattering for light DM

Smoking gun signature: 
daily modulation  

+ location dependence  
could confirm DM nature

Possibility to distinguish different 
interactions with different amplitude 

and phase of modulation
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BJK, Catena & Kouvaris 
[1611.05453]

Possibility to measure the local 
DM density (by breaking 

degeneracy with cross section)
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DM-Electron scattering + Monte Carlo

Emken, Kouvaris & Shoemaker [1702.07750]

Consider energy loses for very strongly-interacting light DM 

Bounds on MeV Dark Matter are cut off above some critical cross section: 
DM lose too much energy and fall below threshold



Bradley J Kavanagh (LPTHE, Paris) DM Signatures - 12th June 2017Earth-scattering of DM

WIMPzillas!
PRELIMINARY
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Direct Detection Landscape - zoomed out

Mack, Beacom & Bertone 
[0705.4298]

Albuquerque & Baudis 
[astro-ph/0301188]
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Direct Detection Landscape - zoomed out

Mack, Beacom & Bertone 
[0705.4298]

Albuquerque & Baudis 
[astro-ph/0301188]

Earth’s heat flow from  
DM capture + annihilation
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Direct Detection Landscape - zoomed out

Mack, Beacom & Bertone 
[0705.4298]

Albuquerque & Baudis 
[astro-ph/0301188]

Assume e.g. asymmetric DM: 
no heat flux from annihilation

Focus on this  
region
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Luckily, deflection of DM can be neglected:  
angle of deflection (per scatter) goes as                          . 

Earth-scattering for super-heavy DM

mA/m� � 1

Consider only stopping/slowing of the DM particles!

Large cross section means huge number of scattering events (>>100)

Monte Carlo may not be the most efficient tool

Need to calculate       as a function of      …. vf vi
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Nuclear Stopping Equation

‘Correction factor’ due to 
nuclear form factors

Solve numerically for a given initial speed and incoming direction  
(which affects how much of the Earth has to be crossed)

dv

dx
= � 1

m�v

species�

i

ni(r)�i(v)�ER�i = �v�SI
p

species�

i

ni(r)

�
mi

m�

�
A4

i Ci(v)



Bradley J Kavanagh (LPTHE, Paris) DM Signatures - 12th June 2017Earth-scattering of DM

Journey to the centre of the Earth

Detector
Shielding

Earth

Atmosphere

�
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Stopping power

Consider a detector at a depth of 10.6m, with DM particles coming 
from directly overhead:

CDMS I at the Stanford Underground Facility 
[astro-ph/0203500]

Atmosphere

Earth

Shielding

m� = 105 GeV

�p = 10�28 cm2
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Speed Distribution

10 keV CDMS I 
 threshold

m� = 105 GeV

f̃(vf ) = f0(vi)

�
vi

vf

�2 dvi

dvf
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Preliminary Results

Mack, Beacom & Bertone 
[0705.4298]

Albuquerque & Baudis 
[astro-ph/0301188]

Possible gain of about 
2 orders of magnitude  
in cross section

Caveat: 
Need to perform full 

rate calculation, taking 
into account time 

variation
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Summary

Experiments are currently exploring the Earth-Scattering regime!  
Need careful calculations + Monte Carlo to explore signatures

Sub-GeV DM:
Smoking gun modulation signature

May help us distinguish DM-nucleon interactions
Could allow us to measure local DM density 

WIMPzillas:
Strongly interacting particles are stopped

Old experiments may actually rule out interesting parameter space
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Direct Detection Landscape
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Sub-GeV DM

WIMPzillas

Interesting parts of the landscape where Earth-scattering soon to be explored…


