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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Snowmass 2013

Snowmass 2013 [arXiv:1310.8327]

Story so far
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Snowmass 2013

Looking ahead…

?

Snowmass 2013 [arXiv:1310.8327]
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Searching for sub-GeV DM with electron recoils
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• Idea first proposed by Essig et. al. [arXiv:1108.5383] and Graham et. 

al. [arXiv:1203.2531] 

• First useful limits already set using 15 kg-days of XENON10 by Essig et. 

al. [arXiv:1206.2644]:

Searching for sub-GeV DM with electron recoils

3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Z
e↵

(r)/r. Z
e↵

(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l0, L once it converges.
Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, n

e

, (unobserved)
scintillation photons, n

�

, and heat. To calculate n
e

, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, N

i

, and
a number of excited atoms, N

ex

, whose initial ratio is
determined to be N

ex

/N
i

⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, f

R

, is essentially zero at low energy,
resulting in n

e

= N
i

and n
�

= N
ex

. The fraction, f
e

,
of initial quanta observed as electrons is therefore given
by f

e

= (1 � f
R

)(1 + N
ex

/N
i

)�1 ⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = E

er

/W , where E
er

is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with f

R

and N
ex

/N
i

, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use N

ex

/N
i

= 0.2, f
R

= 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < f

R

< 0.2, 0.1 < N
ex

/N
i

< 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
N

ex

/N
i

are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for f

R

is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n(1) =
Floor(E

er

/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus n

e

= n0

e

+ n00

e

, where n0

e

represents the
primary electron and is thus 0 or 1 with probability f

R

or (1 � f
R

), respectively, and n00

e

follows a binomial dis-
tribution with n(1) + n(2) trials and success probability
f
e

. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and F

DM

= 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
f
R

, N
ex

/N
i

and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the m

DM

-�
e

plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(F

DM

= 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by

�

e�
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2. Astrophysics: Earth frame velocity distribution of dark matter    

2

proach to calculating the electron-scattering event rate
for both atomic and semiconductor targets, building on
previous methods. Our approach for semiconductor tar-
gets should be more accurate than previous analytic ap-
proximations to the event rate, such as those in [19],
while at the same time being more tractable than the
full numerical calculations presented in, for example, [18].
Sec. III then applies these techniques to study the time-
dependent characteristics of the signal. Sec. IV explores
the e↵ects of DM interactions inside the Earth. We point
out that in certain models, DM-nucleus scattering cross-
sections can be much larger than the DM-electron cross-
section. Even though DM-nucleus scattering is not ob-
servable directly in the lab for these scenarios because
of the low thresholds necessary, DM-nucleus scattering
inside of the Earth can modify the lab-frame DM phase-
space distribution for large enough cross-sections. We
conclude in Sec. V.

II. CALCULATING THE EVENT RATE

The kinematics of the inelastic process whereby DM
ionizes an atomic electron is more complicated than that
of DM-nuclear elastic scattering because the bound elec-
tron does not carry a fixed momentum. As a result, the
scattering process may take place with any momentum
transfer q between the initial and final DM state. How-
ever, when q = |q| deviates too far above the inverse
Bohr radius, a�1

0 ⇡ 3.7 keV, the scattering rate receives
a strong wave-function suppression, arising from the fact
that it is unlikely for the atomic electron to be found
with such a high momentum.

The relevant momentum transfers are significantly
smaller than the nuclear masses we consider, which
means that the nuclear recoil energy does not signifi-
cantly contribute to energy conservation. As a result,
the energy conservation equation reads

(p
�

+ q)2 = p
�

2 � 2m
�

(Eer + Ei

b

) , (1)

where Eer is the electron recoil energy, Ei

b

is the negative
binding energy of the bound initial state (labeled by the
index i), m

�

is the DM mass, and p
�

is the initial DM
momentum. For a fixed q, the lowest DM speed vmin that
could induce an electron recoil Eer is found by taking q
to be antiparallel to p

�

:

vmin =
q

2m
�

+
Eer + Ei

b

q
. (2)

The count rate for DM-induced electron ionization
events is proportional to the average over the DM ve-
locity distribution of the ionization cross section times
the DM speed, h�i

ionvi. In Ref. [18] (see also [17]), it was
shown that

dh�i

ionvi
d lnEer

=
�̄
e

8µ2
e�

Z
dq q|f i

ion(k
0, q)|2|FDM(q)|2⌘(vmin, t) ,

(3)

where µ
e�

is the reduced mass of the DM-electron system
and ⌘(vmin) is the mean inverse speed. The normal-
ized cross-section �̄

e

and the DM form factor FDM(q)
may be calculated from the relevant matrix element for
DM-free-electron scattering. The function |f i

ion(k
0, q)|2

is the wave-function suppression factor to ionize an elec-
tron in the bound state labeled by i to a final state with
momentum k0, through a momentum transfer q. We will
discuss |f i

ion(k
0, q)|2 more later in this section. However,

for now, note that if the final state is a plane wave, then
k0 =

p
2m

e

Eer, where m
e

is the mass of the electron.
The di↵erential scattering rate involves a sum over the

di↵erential cross sections for all possible initial electron
states, accounting for any degeneracies in the states:

dR

d lnEer
= N

T

⇢
�

m
�

F (k0)
X

i

dh�i

ion

vi
d lnEer

, (4)

where N
T

is the number of target nuclei and ⇢
�

⇡
0.4 GeV/cm3 is the local DM density [26–28]. As in the
case of nuclear beta decay, the wave function of the scat-
tered electron is distorted by the presence of the nearby
atom, requiring that the rate be corrected by the Fermi
factor, F (k0). In the non-relativistic limit,

F (k0) =
2⇡⌫

1� e�2⇡⌫
, (5)

where ⌫ = Ze↵ (↵me

/k0) and ↵ is the fine-structure con-
stant. The e↵ective charge that is felt by the scattered
electron, Ze↵, is equal to the nuclear charge minus the
number of shielding electrons. Although this is expected
to be somewhat larger than unity due to the imperfect
shielding of the escaping electron by the remaining elec-
trons, we conservatively set Ze↵ = 1 throughout.
The di↵erential scattering rate depends on the con-

volution of the atomic physics factor, |f i

ion(k
0, q)|2, the

particle physics term �̄
e

|FDM(q)|2, and the astrophysical
input ⌘(vmin, t). With this factorization in mind, we be-
gin by summarizing the astrophysical input. The mean
inverse speed

⌘(vmin, t) ⌘
Z 1

vmin

f� (v, t)

v
d3v, (6)

depends on the Earth-frame velocity distribution of the
DM, f� (v, t), which acquires a time dependence as the
Earth orbits the Sun. In the Galactic frame, and asymp-
totically far away from the Sun’s gravitational potential,
we take the velocity distribution f1(v) to be that of the
Standard Halo Model (SHM):

f1(v) =

(
1

Nesc

⇣
1

⇡v

2
0

⌘3/2

e�v2
/v

2
0 |v| < vesc

0 else ,
(7)

where Nesc is a normalization factor, and we take v0 ⇡
220 km/s [29] and the escape velocity vesc ⇡ 550
km/s [30].
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volution of the atomic physics factor, |f i

ion(k
0, q)|2, the

particle physics term �̄
e

|FDM(q)|2, and the astrophysical
input ⌘(vmin, t). With this factorization in mind, we be-
gin by summarizing the astrophysical input. The mean
inverse speed

⌘(vmin, t) ⌘
Z 1

vmin

f� (v, t)

v
d3v, (6)

depends on the Earth-frame velocity distribution of the
DM, f� (v, t), which acquires a time dependence as the
Earth orbits the Sun. In the Galactic frame, and asymp-
totically far away from the Sun’s gravitational potential,
we take the velocity distribution f1(v) to be that of the
Standard Halo Model (SHM):

f1(v) =

(
1

Nesc

⇣
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2
0

⌘3/2

e�v2
/v

2
0 |v| < vesc

0 else ,
(7)

where Nesc is a normalization factor, and we take v0 ⇡
220 km/s [29] and the escape velocity vesc ⇡ 550
km/s [30].
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proach to calculating the electron-scattering event rate
for both atomic and semiconductor targets, building on
previous methods. Our approach for semiconductor tar-
gets should be more accurate than previous analytic ap-
proximations to the event rate, such as those in [19],
while at the same time being more tractable than the
full numerical calculations presented in, for example, [18].
Sec. III then applies these techniques to study the time-
dependent characteristics of the signal. Sec. IV explores
the e↵ects of DM interactions inside the Earth. We point
out that in certain models, DM-nucleus scattering cross-
sections can be much larger than the DM-electron cross-
section. Even though DM-nucleus scattering is not ob-
servable directly in the lab for these scenarios because
of the low thresholds necessary, DM-nucleus scattering
inside of the Earth can modify the lab-frame DM phase-
space distribution for large enough cross-sections. We
conclude in Sec. V.

II. CALCULATING THE EVENT RATE

The kinematics of the inelastic process whereby DM
ionizes an atomic electron is more complicated than that
of DM-nuclear elastic scattering because the bound elec-
tron does not carry a fixed momentum. As a result, the
scattering process may take place with any momentum
transfer q between the initial and final DM state. How-
ever, when q = |q| deviates too far above the inverse
Bohr radius, a�1

0 ⇡ 3.7 keV, the scattering rate receives
a strong wave-function suppression, arising from the fact
that it is unlikely for the atomic electron to be found
with such a high momentum.

The relevant momentum transfers are significantly
smaller than the nuclear masses we consider, which
means that the nuclear recoil energy does not signifi-
cantly contribute to energy conservation. As a result,
the energy conservation equation reads

(p
�

+ q)2 = p
�

2 � 2m
�

(Eer + Ei

b

) , (1)

where Eer is the electron recoil energy, Ei

b

is the negative
binding energy of the bound initial state (labeled by the
index i), m
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is the DM mass, and p
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is the initial DM
momentum. For a fixed q, the lowest DM speed vmin that
could induce an electron recoil Eer is found by taking q
to be antiparallel to p
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:
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The count rate for DM-induced electron ionization
events is proportional to the average over the DM ve-
locity distribution of the ionization cross section times
the DM speed, h�i

ionvi. In Ref. [18] (see also [17]), it was
shown that
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where µ
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is the reduced mass of the DM-electron system
and ⌘(vmin) is the mean inverse speed. The normal-
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and the DM form factor FDM(q)
may be calculated from the relevant matrix element for
DM-free-electron scattering. The function |f i
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is the wave-function suppression factor to ionize an elec-
tron in the bound state labeled by i to a final state with
momentum k0, through a momentum transfer q. We will
discuss |f i
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0, q)|2 more later in this section. However,

for now, note that if the final state is a plane wave, then
k0 =

p
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Eer, where m
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is the mass of the electron.
The di↵erential scattering rate involves a sum over the

di↵erential cross sections for all possible initial electron
states, accounting for any degeneracies in the states:
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where N
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is the number of target nuclei and ⇢
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0.4 GeV/cm3 is the local DM density [26–28]. As in the
case of nuclear beta decay, the wave function of the scat-
tered electron is distorted by the presence of the nearby
atom, requiring that the rate be corrected by the Fermi
factor, F (k0). In the non-relativistic limit,
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, (5)

where ⌫ = Ze↵ (↵me

/k0) and ↵ is the fine-structure con-
stant. The e↵ective charge that is felt by the scattered
electron, Ze↵, is equal to the nuclear charge minus the
number of shielding electrons. Although this is expected
to be somewhat larger than unity due to the imperfect
shielding of the escaping electron by the remaining elec-
trons, we conservatively set Ze↵ = 1 throughout.
The di↵erential scattering rate depends on the con-

volution of the atomic physics factor, |f i

ion(k
0, q)|2, the

particle physics term �̄
e

|FDM(q)|2, and the astrophysical
input ⌘(vmin, t). With this factorization in mind, we be-
gin by summarizing the astrophysical input. The mean
inverse speed

⌘(vmin, t) ⌘
Z 1

vmin

f� (v, t)

v
d3v, (6)

depends on the Earth-frame velocity distribution of the
DM, f� (v, t), which acquires a time dependence as the
Earth orbits the Sun. In the Galactic frame, and asymp-
totically far away from the Sun’s gravitational potential,
we take the velocity distribution f1(v) to be that of the
Standard Halo Model (SHM):

f1(v) =

(
1

Nesc

⇣
1
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2
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2
0 |v| < vesc

0 else ,
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where Nesc is a normalization factor, and we take v0 ⇡
220 km/s [29] and the escape velocity vesc ⇡ 550
km/s [30].
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proach to calculating the electron-scattering event rate
for both atomic and semiconductor targets, building on
previous methods. Our approach for semiconductor tar-
gets should be more accurate than previous analytic ap-
proximations to the event rate, such as those in [19],
while at the same time being more tractable than the
full numerical calculations presented in, for example, [18].
Sec. III then applies these techniques to study the time-
dependent characteristics of the signal. Sec. IV explores
the e↵ects of DM interactions inside the Earth. We point
out that in certain models, DM-nucleus scattering cross-
sections can be much larger than the DM-electron cross-
section. Even though DM-nucleus scattering is not ob-
servable directly in the lab for these scenarios because
of the low thresholds necessary, DM-nucleus scattering
inside of the Earth can modify the lab-frame DM phase-
space distribution for large enough cross-sections. We
conclude in Sec. V.

II. CALCULATING THE EVENT RATE

The kinematics of the inelastic process whereby DM
ionizes an atomic electron is more complicated than that
of DM-nuclear elastic scattering because the bound elec-
tron does not carry a fixed momentum. As a result, the
scattering process may take place with any momentum
transfer q between the initial and final DM state. How-
ever, when q = |q| deviates too far above the inverse
Bohr radius, a�1

0 ⇡ 3.7 keV, the scattering rate receives
a strong wave-function suppression, arising from the fact
that it is unlikely for the atomic electron to be found
with such a high momentum.

The relevant momentum transfers are significantly
smaller than the nuclear masses we consider, which
means that the nuclear recoil energy does not signifi-
cantly contribute to energy conservation. As a result,
the energy conservation equation reads

(p
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+ q)2 = p
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2 � 2m
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(Eer + Ei
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) , (1)

where Eer is the electron recoil energy, Ei
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is the negative
binding energy of the bound initial state (labeled by the
index i), m
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is the DM mass, and p
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is the initial DM
momentum. For a fixed q, the lowest DM speed vmin that
could induce an electron recoil Eer is found by taking q
to be antiparallel to p
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:

vmin =
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+
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q
. (2)

The count rate for DM-induced electron ionization
events is proportional to the average over the DM ve-
locity distribution of the ionization cross section times
the DM speed, h�i

ionvi. In Ref. [18] (see also [17]), it was
shown that
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(3)

where µ
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is the reduced mass of the DM-electron system
and ⌘(vmin) is the mean inverse speed. The normal-
ized cross-section �̄

e

and the DM form factor FDM(q)
may be calculated from the relevant matrix element for
DM-free-electron scattering. The function |f i

ion(k
0, q)|2

is the wave-function suppression factor to ionize an elec-
tron in the bound state labeled by i to a final state with
momentum k0, through a momentum transfer q. We will
discuss |f i

ion(k
0, q)|2 more later in this section. However,

for now, note that if the final state is a plane wave, then
k0 =

p
2m

e

Eer, where m
e

is the mass of the electron.
The di↵erential scattering rate involves a sum over the

di↵erential cross sections for all possible initial electron
states, accounting for any degeneracies in the states:
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, (4)

where N
T

is the number of target nuclei and ⇢
�

⇡
0.4 GeV/cm3 is the local DM density [26–28]. As in the
case of nuclear beta decay, the wave function of the scat-
tered electron is distorted by the presence of the nearby
atom, requiring that the rate be corrected by the Fermi
factor, F (k0). In the non-relativistic limit,

F (k0) =
2⇡⌫

1� e�2⇡⌫
, (5)

where ⌫ = Ze↵ (↵me

/k0) and ↵ is the fine-structure con-
stant. The e↵ective charge that is felt by the scattered
electron, Ze↵, is equal to the nuclear charge minus the
number of shielding electrons. Although this is expected
to be somewhat larger than unity due to the imperfect
shielding of the escaping electron by the remaining elec-
trons, we conservatively set Ze↵ = 1 throughout.
The di↵erential scattering rate depends on the con-

volution of the atomic physics factor, |f i

ion(k
0, q)|2, the

particle physics term �̄
e

|FDM(q)|2, and the astrophysical
input ⌘(vmin, t). With this factorization in mind, we be-
gin by summarizing the astrophysical input. The mean
inverse speed

⌘(vmin, t) ⌘
Z 1

vmin

f� (v, t)

v
d3v, (6)

depends on the Earth-frame velocity distribution of the
DM, f� (v, t), which acquires a time dependence as the
Earth orbits the Sun. In the Galactic frame, and asymp-
totically far away from the Sun’s gravitational potential,
we take the velocity distribution f1(v) to be that of the
Standard Halo Model (SHM):

f1(v) =

(
1

Nesc

⇣
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2
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⌘3/2
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2
0 |v| < vesc

0 else ,
(7)

where Nesc is a normalization factor, and we take v0 ⇡
220 km/s [29] and the escape velocity vesc ⇡ 550
km/s [30].
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proach to calculating the electron-scattering event rate
for both atomic and semiconductor targets, building on
previous methods. Our approach for semiconductor tar-
gets should be more accurate than previous analytic ap-
proximations to the event rate, such as those in [19],
while at the same time being more tractable than the
full numerical calculations presented in, for example, [18].
Sec. III then applies these techniques to study the time-
dependent characteristics of the signal. Sec. IV explores
the e↵ects of DM interactions inside the Earth. We point
out that in certain models, DM-nucleus scattering cross-
sections can be much larger than the DM-electron cross-
section. Even though DM-nucleus scattering is not ob-
servable directly in the lab for these scenarios because
of the low thresholds necessary, DM-nucleus scattering
inside of the Earth can modify the lab-frame DM phase-
space distribution for large enough cross-sections. We
conclude in Sec. V.

II. CALCULATING THE EVENT RATE

The kinematics of the inelastic process whereby DM
ionizes an atomic electron is more complicated than that
of DM-nuclear elastic scattering because the bound elec-
tron does not carry a fixed momentum. As a result, the
scattering process may take place with any momentum
transfer q between the initial and final DM state. How-
ever, when q = |q| deviates too far above the inverse
Bohr radius, a�1

0 ⇡ 3.7 keV, the scattering rate receives
a strong wave-function suppression, arising from the fact
that it is unlikely for the atomic electron to be found
with such a high momentum.

The relevant momentum transfers are significantly
smaller than the nuclear masses we consider, which
means that the nuclear recoil energy does not signifi-
cantly contribute to energy conservation. As a result,
the energy conservation equation reads

(p
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+ q)2 = p
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2 � 2m
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(Eer + Ei
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) , (1)

where Eer is the electron recoil energy, Ei
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is the negative
binding energy of the bound initial state (labeled by the
index i), m
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is the DM mass, and p
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is the initial DM
momentum. For a fixed q, the lowest DM speed vmin that
could induce an electron recoil Eer is found by taking q
to be antiparallel to p
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:

vmin =
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+
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. (2)

The count rate for DM-induced electron ionization
events is proportional to the average over the DM ve-
locity distribution of the ionization cross section times
the DM speed, h�i

ionvi. In Ref. [18] (see also [17]), it was
shown that

dh�i

ionvi
d lnEer

=
�̄
e

8µ2
e�

Z
dq q|f i

ion(k
0, q)|2|FDM(q)|2⌘(vmin, t) ,
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where µ
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is the reduced mass of the DM-electron system
and ⌘(vmin) is the mean inverse speed. The normal-
ized cross-section �̄

e

and the DM form factor FDM(q)
may be calculated from the relevant matrix element for
DM-free-electron scattering. The function |f i

ion(k
0, q)|2

is the wave-function suppression factor to ionize an elec-
tron in the bound state labeled by i to a final state with
momentum k0, through a momentum transfer q. We will
discuss |f i

ion(k
0, q)|2 more later in this section. However,

for now, note that if the final state is a plane wave, then
k0 =

p
2m

e

Eer, where m
e

is the mass of the electron.
The di↵erential scattering rate involves a sum over the

di↵erential cross sections for all possible initial electron
states, accounting for any degeneracies in the states:
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where N
T

is the number of target nuclei and ⇢
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⇡
0.4 GeV/cm3 is the local DM density [26–28]. As in the
case of nuclear beta decay, the wave function of the scat-
tered electron is distorted by the presence of the nearby
atom, requiring that the rate be corrected by the Fermi
factor, F (k0). In the non-relativistic limit,

F (k0) =
2⇡⌫

1� e�2⇡⌫
, (5)

where ⌫ = Ze↵ (↵me

/k0) and ↵ is the fine-structure con-
stant. The e↵ective charge that is felt by the scattered
electron, Ze↵, is equal to the nuclear charge minus the
number of shielding electrons. Although this is expected
to be somewhat larger than unity due to the imperfect
shielding of the escaping electron by the remaining elec-
trons, we conservatively set Ze↵ = 1 throughout.
The di↵erential scattering rate depends on the con-

volution of the atomic physics factor, |f i

ion(k
0, q)|2, the

particle physics term �̄
e

|FDM(q)|2, and the astrophysical
input ⌘(vmin, t). With this factorization in mind, we be-
gin by summarizing the astrophysical input. The mean
inverse speed

⌘(vmin, t) ⌘
Z 1

vmin

f� (v, t)

v
d3v, (6)

depends on the Earth-frame velocity distribution of the
DM, f� (v, t), which acquires a time dependence as the
Earth orbits the Sun. In the Galactic frame, and asymp-
totically far away from the Sun’s gravitational potential,
we take the velocity distribution f1(v) to be that of the
Standard Halo Model (SHM):

f1(v) =

(
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where Nesc is a normalization factor, and we take v0 ⇡
220 km/s [29] and the escape velocity vesc ⇡ 550
km/s [30].
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Calculating the event rate: Kinematics
• Nuclear recoil does not contribute significantly to energy conservation:
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• Nuclear recoil does not contribute significantly to energy conservation:

• Inelastic scattering — minimum DM speed for a given mass and recoil energy:



S. Mishra-Sharma | Pheno 2015 13

(p� + q)2 = p�
2 � 2m�(Eer + Ei

b)

vmin =
q

2m�
+

Eer + Ei
b

q

Calculating the event rate: Kinematics
• Nuclear recoil does not contribute significantly to energy conservation:

• Inelastic scattering — minimum DM speed for a given mass and recoil energy:
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Time-dependence in event rate due to relative motion of earth in DM frame

Important signature to distinguish a possible signal from background sources
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Modulation fraction
v  vesc + |vE + v�|

DM-electron scattering samples tail of 
velocity distribution close to         — faster 
moving particles lead to higher modulation 
fractions than in DM-nuclear scattering

vesc

vmin

1 1010 102102 103103
0

200

400

600

800

1000

q [keV]

v m
in
[k
m
s-

1 ]

�f 5p�2 (Xe)
10-24

10-19

10-14

10-9

10-4

10

�fion � 2



S. Mishra-Sharma | Pheno 2015 16

|A1/A0|
|A2/A0|

10-1 11 1010 102102
10-3

10-210-2

10-110-1

11

E er [eV]

mχ = 10 MeV

10-1 11 1010 102102
10-3

10-210-2

10-110-1

11

E er [eV]

mχ = 100 MeV

Modulation fraction

dR

dEer
= A0 +

1X

n=1

⇥
An cosn!(t� tn)

⇤

v  vesc + |vE + v�|

DM-electron scattering samples tail of 
velocity distribution close to         — faster 
moving particles lead to higher modulation 
fractions than in DM-nuclear scattering

vesc

vmin

1 1010 102102 103103
0

200

400

600

800

1000

q [keV]

v m
in
[k
m
s-

1 ]

�f 5p�2 (Xe)
10-24

10-19

10-14

10-9

10-4

10

�fion � 2



S. Mishra-Sharma | Pheno 2015 17

Expected modulation detection exposure
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Modulation phase

• Gravitational focusing due to the Sun can 
change phase of annual modulation 

• For slower-moving DM particles, expect shift 
in phase of expected maximum rate from 
~June to ~December in DM-nuclear 
scattering, affected by GF

E↵ect of Gravitational Focusing on Annual Modulation

in Dark-Matter Direct-Detection Experiments
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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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Modulation phase

• Gravitational focusing due to the Sun can 
change phase of annual modulation 

• For slower-moving DM particles, expect shift 
in phase of expected maximum rate from 
~June to ~December in DM-nuclear 
scattering, affected by GF

DM-electron scattering: sample mainly faster particles — effect of GF suppressed:

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-
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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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DM interactions inside the Earth

• Light DM does not produce observable nuclear 
recoils, but might still have large nuclear 
interaction cross-section 

• May cause DM to be deviated during passage 
through the Earth

Earth
Earth
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interaction cross-section 

• May cause DM to be deviated during passage 
through the Earth
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Summary

• Light, sub-GeV is one of the next frontiers in DM direct 
detection  

• DM-electron scattering leads to novel effects due to the 
inelastic nature of the collision, and the electron's 
ionization form factor 

• In this case, there are higher modulation fractions and 
less sensitivity to gravitational focusing 

• DM interactions inside the Earth may also lead to daily 
modulations in the count rate
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Calculating the event rate: Ingredients

Nuclear physics AstrophysicsParticle physics

dR

d lnEer
= N

T

⇢
�

m
�

F (k0)
X

i

dh�i

ion

vi
d lnEer

Scattering cross-section for given initial state (shell) 

Total rate given by sum over all accessible initial states
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 k(r) =
X

N

eik·RN�(r�RN )

Calculating the event rate: Semiconductor target

Electron in periodic lattice generically described by a Bloch wavefunction

L o c a l i z e d 
wavefunction 
at lattice site

• Free-electron approximation — localized wavefunction reduces to outer-shell 
atomic wavefunction (4s or 4p) 

• Localized interaction (                      ) — ignore neighbor interactionsp & a�1
0 ⇠ 4 keV

Account for initial-state degeneracy through 
valence band density of states

Lattice sites
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hidden photon mediator: 
— light (~10 MeV) 

— massless (or << keV) 
!

e.g. Essig et al 1108.5383, Lin et al 1111.0293, Chu et al 1112.0493!
Hall et al 0911.1120
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Light/heavy dark photon mediator 
 Essig et. al [arXiv:1108.5383]

Electric/magnetic dipole moment 
 Graham et. al [arXiv:1203.2531]


