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In the present work we examine the possibility of detecting electrons in light dark matter searches. These detectors are considered
to be the most appropriate for detecting dark matter particles with a mass in the MeV region. We analyze theoretically some key
issues involved in such detection. More specifically we consider a particle model involving WIMPs interacting with fermions via𝑍-exchange.We find that forWIMPs withmass in the electronmass range the cross section forWIMP-atomic electron scattering is
affected by the electron binding. For WIMPs more than 20 times heavier than the electron, the binding affects the kinematics very
little. As a result, many electrons can be ejected with energy which increases linearly with the WIMP mass, but the cross section
is somewhat reduced depending on the bound state wave function employed. On the other hand for lighter WIMPs, the effect of
binding is dramatic. More specifically at most 10 electrons, namely, those with binding energy below 10 eV, become available even in
the case ofWIMPs with a mass as large as 20 times the electron mass. Even fewer electrons contribute if theWIMPs are lighter.The
cross section is, however, substantially enhanced by the Fermi function corrections, which become more important at low energies
of the outgoing electrons. Thus events of 0.5–2.5 per kg-y become possible.

1. Introduction

The combined MAXIMA-1 [1–3], BOOMERANG [4, 5]
DASI [6], and COBE/DMR Cosmic Microwave Background
(CMB) observations [7] imply that the universe is flat [8] and
that most of the matter in the universe is dark [9], that is,
exotic. These results have been confirmed and improved by
the recent WMAP [10] and Planck [11] data. Combining the
data of these quite precise measurements one finds

Ω𝑏 = 0.0456 ± 0.0015,
ΩCDM = 0.228 ± 0.013,
ΩΛ = 0.726 ± 0.015;

(1)

(the more recent Planck data yield a slightly different combi-
nation,ΩCDM = 0.274±0.020,ΩΛ = 0.686±0.020). It is worth
mentioning that both theWMAP and the Plank observations
yield essentially the same value of Ω𝑚ℎ2, but they differ in
the value of ℎ, namely, ℎ = 0.704 ± 0.013 (WMAP) andℎ = 0.673 ± 0.012 (Planck). Since any “invisible” nonexotic
component cannot possibly exceed 40% of the above ΩCDM
[12], exotic (nonbaryonic) matter is required and there is
room for cold dark matter candidates or WIMPs (Weakly
Interacting Massive Particles).

Even though there exists firm indirect evidence for a
halo of dark matter in galaxies from the observed rotational
curves, see, for example, the review [13], it is essential to
directly detect such matter in order to unravel the nature
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of the constituents of dark matter. The possibility of such
detection, however, depends on the nature of the dark matter
constituents and their interactions.

The WIMPs are expected to have a velocity distribution
with an average velocity which is close to the rotational
velocity 𝜐0 of the Sun around the galaxy; that is, they
are completely nonrelativistic. In fact a Maxwell-Boltzmann
leads to a maximum energy transfer which is close to the
average WIMP kinetic energy ≺ 𝑇 ≻≈ 0.4 × 10−6mc2. Thus
for GeV WIMPs this average is in the keV regime, not high
enough to excite the nucleus, but sufficient to measure the
nuclear recoil energy. For light dark matter particles in the
MeV region, which we will also call WIMPs, the average
energy that can be transferred is in the few eV regions.
So this light WIMPs can be detected by measuring the
electron recoil after the collision. Electrons may of course
be produced by heavy WIMPs after they collide with a
heavy target which results in a shakeup of the atom yielding
“primordial” electron production [14–16]. This approach for
sufficiently heavy WIMPs and target nuclei can produce
electrons energies even in the 30 keV region, with a spectrum
very different from that arising after a direct WIMP-electron
collision. Furthermore WIMP-electron collisions involving
WIMPs with masses in the few GeV region have also recently
appeared [17, 18]. In the present work, however, we will
restrict ourselves in the case of light WIMPs with a mass in
the region of the electron mass.

We will draw from the experience involving WIMPs
in the GeV region. The event rate for such a process can
be computed from the following ingredients [19]: (i) the
elementary WIMP-electron cross section. The total Higgs
decay width [20] Γ = 6.17.7−2.9MeV determined by the
LHC data imposes severe constraints on the WIMP-fermion
interactions mediated with Higgs exchange. Thus we will
consider the case of a WIMP which interacts with fermions
via 𝑍-exchange. In this case we will relate the needed
WIMP-electron cross to the isovector spin dependentWIMP-
nucleon cross and exploit the information available for the
latter. (ii) The knowledge of the WIMP particle density in
our vicinity: this is extracted from WIMP density in the
neighborhood of the solar system, obtained from the rotation
curves measurements. The number density of these MeV
WIMPs, however, is expected to be six orders of magnitude
bigger than that of the standard WIMPs due to the smaller
WIMP mass involved. (iii) The WIMP velocity distribution:
in the present work we will consider a Maxwell-Boltzmann
(MB) distribution.

In the electron recoil experiments, like the nuclear mea-
surements first proposed more than 30 years ago [21], one
has to face the problem that the process of interest does
not have a characteristic feature to distinguish it from the
background. So since low counting rates are expected the
background is a formidable problem. Some special features of
the WIMP interaction can be exploited to reduce the back-
ground problems, such as the modulation effect: this yields
a periodic signal due to the motion of the Earth around the
Sun. Unfortunately this effect, also proposed a long time ago
[22] and subsequently studied by many authors [19, 23–31],

is small in the case of nuclear recoils, but we expect it to be a
bit larger in the case of the electron recoils. There has always
been an interest in light WIMPs, see, for example, the recent
work [32]. In fact the first direct detection limits on sub-GeV
dark matter from XENON10 have recently been obtained
[33]. This is encouraging, but based on our experience with
standard nuclear recoil experiments to excited states [34],
one has to make sure that the proper kinematics has to be
used in dealing with bound electrons. Clearly the binding
electron energy plays a similar role as the excitation energy
of the nucleus, in determining the small fraction of the
WIMP’s energy to be transferred to the recoiling system. It is
therefore clear that lightWIMPs are quite different in energy,
mass, interacting particle, and flux. Accordingly one needs
detectors capable of detecting low energy light WIMPs in the
midst of formidable backgrounds, that is, detectors which are
completely different from currentWIMP detectors employed
for heavy WIMP searches.

2. The Particle Model

The narrow decay width of the Higgs boson obtained with
LHC data imposes severe constraints on the Higgs medi-
ated WIMP-SM fermion interaction. It may thus be more
favorable to look for 𝑍- boson mediated interactions, which
have so far been considered only in the hadron spin induced
dark matter searches. One finds that the SM coupling of the𝑍 to the electron takes the form 𝑒𝛾𝜆(1 − 2sin2𝜃𝑊 − 𝛾5)𝑒 ≈−𝑒𝛾𝜆𝛾5𝑒, where 𝜃𝑊 is the Weiberg angle. On the other hand
the corresponding isovector quark interaction, expected to
dominate in the scattering, takes the form −𝑞𝜏3𝛾𝜆𝛾5𝑞, which
leads to −𝑔𝐴𝑁𝜏3𝛾𝜆𝛾5𝑁 at the nucleon level. It is therefore
natural to relate, if possible, the elementary WIMP-electron
cross section to that of the spin induced isovector elementary
WIMP-nucleon interaction, since for the latter there exists
more theoretical and experimental information

Indeed if both the WIMP 𝜒 and the target with mass 𝑚
are nonrelativistic particles the cross section can be cast in
the form

𝑑𝜎 = 1𝜐M2 1
(2𝜋)2 𝑑3p𝜒𝑑3q𝛿 (p𝜒 − p𝜒 − q)

⋅ 𝛿( p2𝜒2𝑚𝜒 −
p2𝜒2𝑚𝜒 −

q22𝑚) .
(2)

Integrating over the momenta we find

𝑑𝜎 = 1𝜐M2 1
(2𝜋)2 2𝜋𝑞2𝑑𝑞𝑑𝜉𝛿(𝑞𝜐𝜉 −

𝑞22𝜇𝑟) , (3)

where
1𝜇𝑟 =

1𝑚𝜒 +
1𝑚, 𝜇𝑟 = 𝑚𝑒𝑚𝜒𝑚𝑒 + 𝑚𝜒 = reduced mass (4)

with 𝜉 = 𝑝𝜒 ⋅ 𝑞 ≥ 0. Thus

𝑑𝜎 = 1𝜐M2 12𝜋𝑑𝜉
(2𝜇𝑟𝜐𝜉)2𝜐𝜉 = 1𝜋M2𝜇2𝑟2𝜉𝑑𝜉. (5)
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To this end for the elementary isovector proton cross
section we write

𝜎1 = Λ(1 + 𝑚𝑝𝑚𝜒)
−2𝑚2𝑝, (6)

where Λ is a constant. Before proceeding further let us
examine available information on 𝜎1 [35], which is sum-
marized here: (a) supersymmetric models in which the LSP
(lightest supersymmetric particle) communicates with the
quarks via the exchange of the 𝑍-boson [36]. In this case
in the constrained minimal supersymmetric standard model
one finds sizable spin induced cross sections [37, 38], 𝜎𝑝 and𝜎𝑛 as large as 10−3 pb (the proton neutron representation
was chosen, since the experiments are analyzed this way). If,
however, the isoscalar contribution is negligible the proton
and the neutron amplitudes are opposite and 𝜎𝑛 ≈ 𝜎𝑝 ≈ 𝜎1.
(b) Kaluza-Klein theories in models with Universal Extra
Dimensions [39] in which the darkmatter is a heavy neutrino
communicating with matter via 𝑍-exchange. In such models
the couplings are of the order of the standardmodel couplings
and one finds 𝜎1 = (1/32𝜋)(𝐺𝐹𝑚𝑝)2 ≈ 5 × 10−4 pb. (c)
The WIMP is a spin 3/2 particle [40]. In this case only the
isovector contribution exists, leading to 𝜎1(𝑁) ≈ 1.7 ×10−38 cm−2 = 1.7 × 10−2 pb. (d) Experimental limits: there
exist some, namely, for 129Xe and 131Xe [41] and 19F [42–
46]. From the Xe data a limit is extracted on the elementary
neutron SD cross section of 𝜎𝑛 = 2 × 10−40 cm2 = 2 ×10−4pb and 𝜎𝑝 = 2 × 10−38 cm2 = 2.0 × 10−2 pb for the
proton SD cross section, while from the 19F target a slightly
smaller limit is extracted on the proton SD cross section,𝜎𝑝 = 1 × 10−38 cm2 = 1.0 × 10−2 pb. These limits were based
on nuclear physics considerations, namely, the nuclear spin
matrix elements in the proton neutron representation. This
explains the difference of the two limits extracted from the
Xe data. For illustration purposes we will adopt the value [35]𝜎1 ≈ 1.7 × 10−2 pb. With this value of 𝜎1 we find that the
parameter relevant for electron scattering is

𝜎0 = 𝜎1𝑚2𝑒𝑚2𝑝 ≈ 5.0 × 10
−9 pb. (7)

3. Experimental Aspects

Light WIMPs are quite different in energy, mass, interacting
particle, and flux. Accordingly one needs detectors which
are completely different from current WIMP detectors for
heavy WIMPs. Detectors are required to observe low energy
lightWIMP signals beyond/among BG signals to identify the
lightWIMPs. Experimental aspects to be considered for light
WIMP detectors are: (i) the particle to be detected, (ii) the
event rate, (iii) the signal pulse height, (iv) the background
rate, and (v) the detector threshold energy. We will now
examine each of these items.

(1) Particle to Be Detected. Light WIMPs are detected
by observing a recoil/scattered electron in the continuum
region. In case that the WIMP interaction produces an ion-
electron pair, one can detect the ion and/or the electron,

and/or photons associated with the ion-electron pair. If the
recoil electron or the ion-electron pair energy is absorbed
by the detector, one may measure the temperature change.
These are similar to those from heavy WIMPs except that
their energies are very different. It is noted that atomic bound
electrons are not excited by the light WIMPs with 𝐸 ≤ a few
eV.

(2) Event Rate. The cross section of 𝜎0 ≈ 5.0 × 10−9 pb is
an order of magnitude larger than the present XENON limit
of 𝜎0 ≈ 10−9 pb for heavy WIMPs [47]. The flux rate is
around 𝑛 ≈ 0.8 × 1010 cm−2s−1, which is larger by a factor
of 50GeV/0.5MeV ≈ 105. Then the event rate for Xe detector
is around 𝑅 ≈ 1.1 × 103/(t⋅y), which is also a bit larger than
the present limit for 50GeV heavy WIMPs [47].

(3) Signal Pulse Height. The electron signal energy for light
WIMPs is around 0.5–1 eV. This energy is 4 orders of mag-
nitude smaller than the Xe nuclear recoil energy of around
25 keV for the 50GeV WIMP. The nuclear recoil signal is
quenched by a factor 2–20, depending on the atomic number,
in most heavyWIMP detectors.Thus the actual signal height
for the lightWIMP is 3 orders of magnitude smaller than that
for the heavy WIMP.

(4) Background Rate. There are three types of background
origins for WIMP detectors, radioactive (RI) impurities,
neutrons associated with cosmic rays, and electric noises. 𝛽-𝛾
rays from RI impurities produce BG electron signals, which
are similar to electron signals from light WIMPs as well as
those encountered in the case of double 𝛽 decay detectors,
which measure 𝛽 rays. BG rate for a typical future DBD
(double 𝛽 decay) detectors is around 1/(t y keV) = 10−3/(t
y eV) at a few MeV regions [48]. Then one may expect a
similar BG rate in the eV region.This is 3 orders ofmagnitude
smaller than the signal rate. Neutrons do not contribute to
BGs in light WIMP detectors, although nuclear recoils from
neutron nuclear reactions are most serious BGs for heavy
WIMP detectors. Electric noises are most serious for light
WIMP detectors because of the very low energy signals. The
nuclear recoil energy from heavy WIMPs is typically a few
10 keV, and the signal pulse height is around a few keV if
they are quenched, depending on the detector. This is of
the same order of magnitude as electric noise levels. Thus
one can search for heavy WIMPs by measuring the higher
velocity component above the electric noises On the other
hand, the signal height for light WIMP is far below that of
typical electric noises for current heavy WIMP detector.

(5) Energy Threshold. The energy threshold 𝐸th for WIMP
detectors is set necessarily below the WIMP signal, but
just above the electric noise to be free from the noise.
Then a very low energy threshold of an order of sub eV
is required for light WIMP searches. This is 3-4 orders of
magnitude smaller than the level around 1–3 keV for most
heavy WIMP detectors [47, 49]. Germanium semiconductor
detectors are widely used to study low energy neutrinos and
WIMPs. The ionization energy is 0.67 eV.Thus it can be used
in principle for energetic light WIMPs. In practice, their
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Figure 1: (a) The fraction of the energy of the WIMP that can be transferred to the electron as a function of 𝑥 = 𝑚𝜒/𝑚𝑒. (b) The electron
recoil energy 𝑇 as a function of 𝑥 = 𝑚𝜒/𝑚𝑒. As 𝑥 increases it tends to 4.3 eV for 𝑦esc = 2.84.

threshold of around 200 eV [50] or more is still far above
the light WIMP signals. Bolometers are, in principle, low
energy threshold and high energy resolution detectors, but
the energy threshold of practical 10 kg-scale bolometers is
orders of magnitude higher than the lightWIMP signal.Thus
lightWIMP detectors are necessarily different types from the
present heavy WIMP detectors.

It is indeed a challenge to develop light WIMP detectors
with low-threshold energy of the order of eV. Since the event
rate is as large as 2 103/t y, one can use a small volume detector
of the order of 10 kgr at low temperature. In general, electric
noises are random in time. Then, coincidence measurements
of two signals are quite effective in reducing electric noise sig-
nals in case that one light WIMP produces 2 or more signals.
One possible detector would be an ionization- scintillation
detector, where one light WIMP interaction produces one
ionized ion and one electron. In case that the ionized ion
traps an electron nearby and emits a scintillation photon, one
may measure the primary electron in coincidence with the
scintillation photon. Nuclear emulsion may be of potential
interest for low energy electrons. We briefly discuss possible
new detection methods in Section 7.

4. The Differential WIMP-Electron Rate

The evaluation of the rate proceeds as in the case of the
standard WIMP-nucleon scattering, but we will give the
essential ingredients here to establish notation.We will begin
by examining the case of a free electron.

4.1. Free Electrons. The differential cross section for WIMP-
electron scattering in an atom can be cast in a form containing
the electron recoil energy:

𝑇 = 𝑞22𝑚𝑒 =
(2𝜇𝑟𝜐𝜉)
2𝑚𝑒 . (8)

Thus the differential cross section takes the form

𝑑𝜎𝑑𝑇 = 𝜎𝑒 12𝜐2 𝑚𝑒𝜇2𝑟 , (9)

or

𝑑𝜎𝑑𝑇 = 12𝜐2 𝜎0 1𝑚𝑒 ,
𝜎0 = 𝜎1𝑚2𝑒𝑚2𝑝 .

(10)

We find from (8) that the average energy of the electron
is given by

⟨𝑇⟩ = 2
3 (1 + 𝑥)2 ⟨𝛽2⟩𝑚𝑒𝑐2,

⟨𝛽2⟩ =≺ (𝜐𝑐 )
2 ≻= 0.8 × 10−6.

(11)

From (8) we also find that the fraction of the energy of the
WIMP transferred to the electron, when taking ⟨𝜉2⟩ = 1/3
for scattering at forward angles, is

𝑇𝑇𝜒 =
43 𝑥
(1 + 𝑥)2 , 𝑥 = 𝑚𝑒𝑚𝜒 ,

𝑇max = 2𝜇2𝑟𝜐2esc𝑚𝑒 .
(12)

This situation is exhibited in Figure 1. We thus see that this
fraction attains a maximum when 𝑥 = 1, that is, when
the two masses are equal. Away from this value it becomes
smaller. The effect is more crucial for very light WIMPs,
since their average energy is much smaller. Thus for MeV
WIMPs the average energy transfer is in the eV region, which
is reminiscent of the standardWIMPs where GeVmass leads
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to an energy transfer in the keV region.Themaximum energy
transfer corresponds to the escape velocity which is 𝜐esc ≈2√⟨𝜐2⟩, which leads to a value four times higher. The exact
expression of the maximum electron energy will be given
below.

From (8) we find that

𝜐 = √ 𝑚𝑒𝑇2𝜇2𝑟𝜉2 →

𝜐 ≥ √𝑚𝑒𝑇2𝜇2𝑟 →

𝜐min = √𝑚𝑒𝑇2𝜇2𝑟 .

(13)

In other words the minimum velocity consistent with the
energy transfer 𝑇 and the WIMP mass is constrained as
above. The maximum velocity allowed is determined by the
velocity distribution and it will be indicated by 𝜐esc. From
this we can obtain the differential rate per electron in a given
velocity volume 𝜐2𝑑𝜐𝑑Ω as follows:

𝑑𝑅 = 𝜌𝜒𝑚𝜒 𝜐𝜎0
12 1𝑚𝑒 𝑑𝑇𝑓 (𝜐) 𝑑𝜐𝑑Ω, (14)

where 𝑓(𝜐) is the velocity distribution of WIMPs in the
laboratory frame. Integrating over the allowed velocity dis-
tributions we obtain

𝑑𝑅 = 𝜌𝜒𝑚𝜒 𝜎0
12 1𝑚𝑒 𝑑𝑇𝜂 (𝜐min) ,

𝜂 (𝜐min) = ∫𝜐esc𝜐min

𝑓 (𝜐) 𝜐𝑑𝜐𝑑Ω.
(15)

𝜂(𝜐min) is a crucial parameter. Before proceeding further we
find it convenient to express the velocities in units of the Sun’s
velocity. We should also take note of the fact the velocity
distribution is given with respect to the center of the galaxy.
For a M-B distribution this takes the form

1𝜋√𝜋𝑒−𝑦
2 , 𝑦 = 𝜐𝜐0 , 𝜐0 = 220 km/s. (16)

We must transform it to the local coordinate system:

y → y + 𝜐𝑠 + 𝛿 (sin𝛼𝑥 − cos𝛼 cos 𝛾𝑦 + cos𝛼 sin 𝛾𝜐𝑠) , 𝛿 = 𝜐𝐸𝜐0 (17)

with 𝛾 ≈ 𝜋/6, 𝜐𝑠 a unit vector in the Sun’s direction of
motion, 𝑥 a unit vector radially out of the galaxy in our
position, and 𝑦 = 𝜐𝑠 × 𝑥. The last term in parenthesis in
(17) corresponds to the motion of the Earth around the Sun
with 𝜐𝐸 ≈ 28 km/s being the modulus of the Earth’s velocity
around the Sun and 𝛼 the phase of the Earth (𝛼 = 0 around
June 3rd). The above formula assumes that the motion of
both the Sun around the Galaxy and of the Earth around the
Sun are uniformly circular. Since 𝛿 is small, we expand the
distribution in powers of 𝛿 and we keep terms up to linearity
in 𝛿. Then (15) can be cast in the form

𝑑𝑅 = ( 𝜌𝜒𝑚𝜒 𝜐0)𝜎0
𝑚𝑡𝑍eff𝐴𝑚𝑝 1.9

× 106 12 1𝑚𝑒 𝑑𝑇 (Ψ0 (𝑦min) + Ψ1 (𝑦min) cos𝛼) ,
(18)

where, in the above equation, the first term in parenthesis
represents the average flux of WIMPs, the second provides
the scale of the elementary cross section (in the presentmodel
the elementary cross section contains an additional mass
dependence), the third term gives the number of electrons
available for the scattering in a target of mass 𝑚𝑡 containing
atoms with mass number 𝐴 and active electrons 𝑍eff , and
the fourth is essentially the inverse of the square of the Sun’s

velocity in units of 𝑐 (its origin has its root in (10)). Moreover,Ψ0(𝑦min) andΨ1(𝑦min) are functionals of 𝑦min and 𝑦esc, where
𝑦min = 𝜐min𝜐0 = 1𝜐0√

𝑚𝑒𝑇2𝜇2𝑟 ,
𝑦esc = 𝜐esc𝜐0 .

(19)

In the above expression the Heaviside function𝐻 guarantees
that the required kinematical condition is satisfied. One can
factor the constants out in the above equation to get

𝑑𝑅𝑑 (𝑇/1 eV)
= Λ(Σ0 (𝑚𝜒𝑚𝑒 ,

𝑇1 eV) + Σ1 (
𝑚𝜒𝑚𝑒 ,

𝑇1 eV) cos𝛼) ,
(20)

where

Σ𝑖 (𝑡, 𝑠) = 1𝑡 Ψ𝑖 (1.23 (1 + 1𝑡 )√𝑠) , 𝑖 = 0, 1,
Λ = 1.4 𝜌𝜒𝑚𝑒 𝜐0𝜎0

𝑚𝑡𝑍eff𝐴𝑚𝑝 .
(21)

The meaning of 𝑍eff will become clear after we consider the
fact that the electrons are not free but bound in the atom.Thus
they are not all available for scattering; that is, 𝑍eff < 𝑍. We
will now estimate Λ considering the following input: (a) the
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Figure 2: The shape of the differential cross section as a func-
tion of the electron energy 𝑇 in eV for the WIMP masses(1, 2, 5, 10, 50, 100)𝑚𝑒. The electrons are assumed to be free. The
WIMPmasses specifying the curves are increasing downwards.The
spectrum does not exhibit any special structure.

elementary cross section 𝜎0 = 5.0×10−9 pb = 5.0×10−45 cm2;
(b) the total cross section, in units of 𝜎0, for example, 𝜎av =
0.2 for a WIMP mass about the electron mass (see below);
(c) the particle density of WIMPs in our vicinity: 𝑛 = 0.3 ×103 (MeV/cm3)/0.511MeV ≈ 600 cm−3 (we use the electron
mass in this estimate; the correct mass dependence has been
included in evaluating 𝜎av); this value leads to a flux: 𝑛 ×220 km/s = 1.3×1010 cm−2s−1; (d)Thenumber of electrons in
aKg ofXe: (1/(131×1.67×10−27)) 𝑍eff = 4.6×1024𝑍eff . Taking𝑍eff = 54, that is, all electrons in Xe participating, we expect
about ≈0.3 events per kg⋅y. Encouraged by this estimate, even
though it has been obtained with a much smaller elementary
cross section than previous estimates [32], we are going to
proceed in evaluating the expected spectrum of the recoiling
electrons.

The shape of the differential cross section Σ0(𝑡, 𝑠) as a
function of the electron energy 𝑇 in eV for various WIMP
masses is exhibited in Figure 2. The electrons are assumed to
be free. Obviously, this does not exhibit any special structure.

The various atomic physics approximations previously
considered involve relatively high electron energies, as, for
example, in the recent works [17, 18], which are not important
in our case. The obtained rate, however, can be modified
substantially at low energies by including the correction of
the outgoing electron wave due to the Coulomb field. In beta
decay this is done via the simple Fermi function [51]:

𝐹 (𝑘, 𝑍, 𝜂, 𝛾)
= (𝑘𝑅)2𝛾−2 𝑒𝜋] 

Γ (𝛾 + 𝑖𝜂)
Γ (2𝛾)


2 𝑀 (𝛾 + 𝑖𝜂, 2𝛾, 2𝑖𝑘𝑟)2 ,

(22)

where

𝛾 = √1 − 𝛼2𝑍2,
𝜂 = 𝑍𝛼 𝑇 + 𝑚𝑒𝑐2

√𝑇2 + 2𝑚𝑒𝑐2𝑇
(23)

and𝑀(𝛾 + 𝑖𝜂, 2𝛾, 2𝑖𝑘𝑟) is the Coulomb function represented
by a confluent hypergeometric function.

After some approximations (see, e.g., Landau’s book [52])
one finds the Fermi function

𝐹 (𝑇, 𝑍, 𝑛, 𝜂, 𝛾)
≈ (√𝑇2 + 2𝑚𝑒𝑇 𝑟 (𝑛, 𝑍, 𝛾))2𝛾−2 𝑓2𝑐 (𝛾, 𝑛) 2𝜋𝜂1 − 𝑒−2𝜋𝜂 .

(24)

This function, which depends on the electron energy as well
as the atomic parameters 𝑛 and 𝑍, may lead to an enhance-
ment for low energy electrons. Integrating the differential rate
given by (20) over the electron spectrum we obtain the total
rate:

𝑅 = Λ (𝜎av + 𝜎td cos𝛼) , (25)

where 𝜎av and 𝜎td cos𝛼 are the average and time dependent
(modulated) cross sections, respectively, in units of 𝜎0, that
is, of the elementary cross section. The obtained quantity 𝜎av
is shown in Figure 3 for free electrons both without the Fermi
function as well as with the Fermi function for two values 𝑛
and 𝑍, 𝑛 assumed to be sort of average. We see that the effect
on the total cross section is large. Thus we find that the cross
sections (in units of 𝜎0), for a WIMP with the mass of the
electronwe get values 0.2, 0.8, and 2.2 for cases (a), (b), and (c)
respectively (see Figure 3), while for 𝑛 = 2 and𝑍 = 50we find
0.3. In our estimates we will adopt an average enhancement
factor of 8 due to the Fermi function taking into account the
Fermi function the above estimate becomes 2.5 events/(kg⋅y).
5. Effects of Binding of Electrons

Thebinding of the electrons comes in twoways.Thefirst is the
most obvious. A portion of the energy of the WIMP will not
go to recoil, but it will be spent to release the bound electron.
The second comes from the fact that the initial electron is
not at rest but it has a momentum distribution, which is the
Fourier transform of its wave function in coordinate space.

Since the propagator involves the𝑍- exchangewith a large
mass, the momentum transfer can be neglected. So the cross
section for WIMP-electron scattering is proportional to

𝐽 = 1
(2𝜋)2 ∫𝑑3p

𝜙𝑛ℓ (p)2 𝑑3q𝑑3p𝜒𝛿 (p + p𝜒 − p𝜒 − q) 𝛿( p2𝜒2𝑚𝜒 −
p2𝜒2𝑚𝜒 −

q22𝑚2𝑒 − 𝑏) , (26)

where 𝜙𝑛ℓ(p) is the electron wf in momentum space. A plane
wave outgoing electron has been assumed. Deviations from

plane wave will be accounted for in the usual way, that is, by
the Fermi function as described in the previous section. After
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Figure 3:The total averageWIMP-electron cross section in units 𝜎0 as a function of theWIMPmass in units of the electronmass. In panel (a)
the Fermi function was neglected, while in panels (b) and (c) the Fermi function 𝐹 for 𝑛 = 3 and 𝑍 = 50 and 𝑛 = 4 and 𝑍 = 60, respectively,
has been employed.

the integration over the momentum p via the 𝛿 function we
obtain

𝐽 = 1
(2𝜋)2 ∫

𝜙𝑛ℓ (p𝜒 − p𝜒 + q)2 𝑑3p𝜒𝑑3q𝛿( p2𝜒2𝑚𝜒 −
p2𝜒2𝑚𝜒 −

q22𝑚2𝑒 − 𝑏) . (27)

The integration over the magnitude of p𝜒 can be done using
the energy conserving 𝛿 function and we obtain

𝐽 = 1
(2𝜋)2 ∫𝑑3q𝑄2𝑑ΩQ

𝜙𝑛ℓ (Q − p𝜒 + q)2 𝑚𝜒𝑄 ,

Q = 𝑒√(𝑚𝜒𝜐)2 − 𝑞2𝑥 − 2𝑚𝜒𝑏
(28)

with 𝑥 = 𝑚𝜒/𝑚𝑒 and 𝑒 a unit vector in the direction of p𝜒. We
thus find the important constraint

𝜐 > 𝜐min, 𝜐min = √ 2𝑚𝜒 (𝑇 + 𝑏). (29)

This already sets a limit on the range of the variables 𝑏 and 𝑇
of interest to experiments.
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energy for 𝑏 = 20 eV and 𝑥 = 22.

5.1. The Allowed Range of Binding Energy (𝑏) and Recoil
Energy (𝑇). The range of these quantities is not affected by
the specific form of the bound electron wave function. In
particular regarding 𝑏 the above conditions imply

(𝑇)max = 12𝑚𝜒𝜐2esc − 𝑏,
𝑏max = 12𝑚𝜒𝜐2esc,

(30)

where 𝑏max is associated with zero maximum recoil energy
and is exhibited as a function of WIMP mass in Figure 4.
What seriously affects the detection of light WIMPs in the
presence of large binding energies is the minimum WIMP
velocity required to eject an electron. One finds that in order
to surpass the barrier of a given binding energy 𝑏 the WIMP
must have a minimum velocity at most 𝜐esc and a high mass,
even if the electron energy is zero.Theminimum 𝑥 = 𝑚𝜒/𝑚𝑒
required for this purpose is exhibited in Figure 5(a). The

actual value of 𝑥 = 𝑚𝜒/𝑚𝑒 must, of course, be larger to get
a reasonable rate.

Finally we present in Figure 5(b) the maximum possible
energy for outgoing electrons as a function of the WIMP
mass for various binding energies. We see that the maximum
energy of the electron increases due to the binding provided
that the binding energy is small. Thus the threshold energy
needs not be extremely low, provided that for 𝑥 ≤ 20
there exist enough electrons in the atom with low enough
binding energies. For heavier WIMPs the binding energy of
the electron plays a minor role and the electron recoil energy
increases linearly with the WIMP mass.

5.2. The Effect of the Bound Electron Wave Function. To
proceed further we must evaluate the integral in (28). Firstly,
we must select a suitable coordinate system, for example,
one with the 𝑧-axis along the initial WIMP velocity, the𝑥-axis in the direction of the outgoing WIMP, and 𝑦-axis
perpendicular to the plane of the other two. Actually, there
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is no hope for obtaining an analytic expression even for the
angular integrals without further approximations. So we will
assume hydrogenic wave functions. This approximation is
expected to be reasonable for electrons which are not tightly
bound, which are of interest to us in the present work. We
concentrate on the case of 𝑠 states and find that the cross
section is given by

𝑑𝜎 = 1𝜐 |M|2 𝑑𝐽, (31)

where 𝑑𝐽 is a complicated functional given by

𝑑𝐽 = 𝑞𝑝0 (𝑛, 𝑍)𝑞𝑑𝑞𝜓2 (𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) ,
𝜓2 (𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) = ∫1−1 𝑑𝜉𝜓1 (𝜉, 𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) ,

(32)

where
𝜓1 (𝜉, 𝑞, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍))
= 𝑚𝜒
(𝑞𝜉 − 𝑚𝜒𝜐) ∫

𝜂−

𝜂+
𝑧 𝑑𝑧 𝜙𝑛ℓ (𝑧)2 (33)

and 𝑝0(𝑛, 𝑍) = (𝛼𝑍/𝑛)𝑚𝑒, the scale of momentum of the
bound electron wave function.M is the invariant amplitude
for the process which has the form

|M|2 = 𝜎𝑒 𝜋𝜇2𝑟 = 𝜎0
𝜋𝑚2𝑒 . (34)

Now, since

𝑑𝜎 = 𝜎0 1𝜐 𝜋𝑚2𝑒 𝑑𝐽 (35)

one can cast (35) in a form similar to the expression for free
electrons, namely,

𝑑𝜎 = 𝜎0 12𝜐2 1𝑚𝑒 𝑑𝑇 (36)

or

𝑑𝜎 = 𝜎0 1𝜐2 1𝑚𝑒 𝑑𝑇Λ̃ (𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) , (37)

where

Λ̃ (𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍))
= 2𝜋𝜐 √2𝑚𝑒𝑇𝑝0 (𝑛, 𝑍)𝜓2 (√2𝑚𝑒𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍)) .

(38)

In order to get the differential rate onemust fold the above
expression with the velocity distribution 𝑓(𝜐) in a similar
fashion as in (15), that is,

𝑑𝑅𝑑𝑇 = 𝜌𝜒𝑚𝜒
12𝜎0 1𝑚𝑒 [∫

𝜐esc

√2(𝑏+𝑇)/𝑚𝜒
Λ̃ (𝑇, 𝜐, 𝑏, 𝑝0 (𝑛, 𝑍))

⋅ 𝑓 (𝜐) 𝜐𝑑𝜐𝑑�̂�] .
(39)

Note the appearance of the quantities 𝑏 and Λ̃ as a result of the
electron binding.The behavior of the function Λ̃ as a function
of the velocity and its numerical value significantly affects the
obtained rates. In order to obtain Λ̃ exactly onemust evaluate
the remaining integrals numerically for each electron orbit
separately. After that, in order to obtain the total rate, one
must sum up over all available electrons involved in any
orbit of a given atom, which is not trivial. This is currently
under study, but here we will report results obtained in an
approximate scheme valid for relatively low mass WIMPs,
which is adequate for our purposes.

5.3. A Convenient Approximation for Light WIMPs. We have
seen that the momentum of the outgoing electron is small
compared to 𝑝0(𝑛, 𝑍). Let us assume that

𝑄𝑚𝜒𝜐𝑝20 (𝑛, 𝑍) < 1. (40)

This means that

𝑥2𝜐√𝜐 − 𝜐1 ≤ 𝛼2, 𝜐1 = √2 (𝑏 + 𝑇)𝑥𝑚𝑒 ≤ 𝜐esc. (41)

This quantity is small as long as

𝑥 < (𝛼𝑍)𝜐esc = 1.2𝑍 ≈ 50 for a large atom. (42)

For such values of 𝑥 we can expand the integral∫𝜂−𝜂+ 𝑧 𝑑𝑧|𝜙𝑛ℓ(𝑧)|2 up to second order in the small parameter.
The result, for example, for 1 s hydrogenic wave functions, is

𝐽1 = 16𝑄 (𝑚𝜒𝜐 − 𝑞𝜉)𝜋2𝑝20 (𝑛, 𝑍) . (43)

Integrating over the angles of the outgoing electron we obtain

𝑑𝐽 = 𝑞2𝑑𝑞64𝑄2𝑚𝜒𝑚𝜒𝜐𝜋𝑝50 (𝑛, 𝑍) . (44)

Proceeding as above we obtain

Λ̃ = Λ̃ 0 (𝑍)√ 2𝑇𝑚𝑒
𝑥4

(𝛼𝑍)5 𝜐2 (𝜐2 − 𝜐21) (45)

or

Λ̃ = Λ̃ 0 (𝑍) 𝑥4√𝑇𝑦2 (𝑦2 − 6.59 (𝑏 + 𝑇)𝑥 ) ,
Λ̃ 0 (1) = 3.5 × 10−3,

(46)

where 𝑏 and 𝑇 are in eV and 𝑦 is the WIMP velocity in
units of the Sun’s velocity. A similar expression with a slightly
different constant Λ̃ 0(𝑍) is expected to hold for other electron
orbitals. This function must be multiplied with the velocity
distribution before proceeding with the needed integrations
to obtain the rate.
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Figure 6: The electron spectrum for bound electrons corresponding to 𝑥 = 1. Only electrons with 𝑏 < 1 eV can be ejected.
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Figure 7: The same as in Figure 6, but for 𝑥 = 10 in panel (a) and 𝑥 = 20 in panel (b). In both cases only electrons with 𝑏 < 3 eV can be
ejected. Notice, however, that the spectrum is suppressed for 𝑏 = 2 (dashed line) compared to the corresponding one for 𝑏 = 1 (solid line).

6. Some Results for Bound Electrons

We will limit ourselves to 𝑏 ≥ 1 eV and 𝑥 ≤ 100
After integrating with the velocity distribution we obtain the
electron spectra shown in Figures 6–8. After integrating over
the energy spectrum we obtain the cross section 𝜎av in units
of 𝜎0 shown in Figure 9 as a function of the WIMP mass for
various binding energies. It is perhaps better to show 𝜎av as
a function of the binding energy. For 𝑥 = 10 only 𝑏 ≤ 1 are
available. For 𝑏 = 1 we find 𝜎av = 0.1 in units of 𝜎0. For larger𝑥, 𝜎av is exhibited in Figure 10.

We thus see that using hydrogenic wave functions we
find that, for 𝑚𝜒, greater 10𝑚𝑒, electrons with 𝑏 < 15 eV
become available. The number of electrons with relatively
small binding energy for some targets of interest is shown
in Table 1. Anyway there seems to be a wide range of the
parameters which leads to 𝑍eff = 5 for a suitable atom with
large 𝑍. Thus for 𝑍eff = 5 one can conservatively set 𝜎av to
be ≈0.15, which leads to about 0.6 event per kg-y compared

to the 2.0 per kg-y we got above for lighter WIMPs without
the electron binding.The Fermi function is incorporated into
the results.

7. Discussion

We have seen that the use of electron detectors may be a
good way for directly detecting light WIMPs in the MeV
region. The electron density in our vicinity is very high, the
elementary WIMP-electron cross section may be quite large,
and the event rate may be further enhanced by the behavior
of the Fermi function at low energies. This is fine for WIMPs
heavier than 20 times the electron mass. For WIMPs less
than about 20 times the mass of the electron, however, there
appears to be a problem arising from the electron binding.
A small fraction of electrons can be exploited, namely, those
electrons with binding energies below the 10 eV range. This
is reminiscent of the difficulty encountered in the inelastic
WIMP nucleus scattering, whereby only very low excited
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Figure 8: The same as in Figure 7, but for 𝑥 = 50 in panel (a) and 𝑥 = 100 in panel (b). In panel (a) the spectrum is shown for 𝑏 = 1, 2 and
4 eV. In panel (b) the spectra for 𝑏 = 1, 2, 4 and 8 eV are shown with 𝑏 increasing downwards.

Table 1: The number of electrons with binding energies less than 𝑏upb for a given set of targets.

Target 𝑏upb = 5 eV 𝑏upb = 10 eV 𝑏upb = 15 eV 𝑏upb = 20 eV 𝑏upb = 30 eV
9F - - - 5 5
11Na 1 1 1 1 1
32Ge 4 4 4 4 14
52Te 4 4 6 6 6
53I 5 5 7 7 7
54Xe - - 6 6 8
83Bi 3 5 5 5 15
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Figure 9: The cross section 𝜎av in units of 𝜎0 as a function of𝑥 = 𝑚𝜒/𝑚𝑒 for binding energies 𝑏 = 1, 2, 4, and 8 eV increasing
downwards (the curve for 𝑏 = 10 is not visible).

states can be reached.We have seen, however, that, due to the
behavior of the Fermi function in the case of very low energy

electron recoils, the rates may increase up to factors of 8. So
event rates of about 0.8 to 2.4 events per kg-y are possible.

It has recently been suggested that it is possible to detect
even very light WIMPs, much lighter than the electron,
utilizing Fermi-degenerate materials like superconductors
[53]. In this case the energy required is essentially the gap
energy of about 1.5𝑘𝑇𝑐, which is in themeV region; that is, the
electrons are essentially free. The authors are perhaps aware
of the fact that the average energy for very light WIMPs is
small and not all of it can be transferred to their system (the
maximum fraction occurs if the mass of the WIMP is equal
to 𝑚𝑒, i.e., for 𝑥 = 1 in Figure 1). With their detector these
authors probably have a way to circumvent the fact that a
small amount of energy will be deposited, if they manage to
accumulate a large number of loosely bound electrons in their
targets so that the obtained rates are sufficient. More recently
it is claimed that even smaller energies inmeVcan be detected
in the case of Liquid Helium [54]. The expected event rates
and the total energy deposited in such essentially bolometer
type detectors are currently being estimated more precisely
and they will appear elsewhere.

It thus appears that light WIMPs in the MeV region can,
in principle, be detected.Thedetection techniques and targets
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Figure 10: The cross section 𝜎av in units of 𝜎0 as a function of 𝑏 in eV for 𝑥 = 𝑚𝜒/𝑚𝑒 = 15 (solid line) and 20 (dashed line) (a) and for𝑥 = 𝑚𝜒/𝑚𝑒 = 50 and 100 (b) (the lower curve corresponds to the smaller 𝑥).

employed, however, may have to be different than the ones
employed in standard WIMP searches.
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