Leptophilic Dark Matter in Direct Detection
Experiments and in the Sun

Fermilab, PO Box 500, Batavia, IL 60510, USA
E-mail: jkopp@fnal.gov

Viviana NIRO
Max-Planck-Institute for Nuclear Physics, PO Box 103980, 69029 Heidelberg, Germany
E-mail: niro@mpi-hd.mpg.de

Thomas SCHWETZ
Max-Planck-Institute for Nuclear Physics, PO Box 103980, 69029 Heidelberg, Germany
E-mail: schwetz@mpi-hd.mpg.de

Jure ZUPAN
Faculty of Mathematics and Physics, Univ. of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
Josef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
SISSA, Via Bonomea 265, I 34136 Trieste, Italy
E-mail: jure.zupan@cern.ch
Dark matter interacting predominantly with leptons instead of nuclear matter has received a lot
of interest recently. In this talk, we investigate the signals expected from such ’leptophilic Dark
Matter’ in direct detection experiments and in experiments looking for Dark Matter annihilation
into neutrinos in the Sun. In a model-independent framework, we calculate the expected interaction rates for different scattering processes, including elastic and inelastic scattering off atomic
electron shells, as well as loop-induced scattering off atomic nuclei. In those cases where the last
effect dominates, leptophilic Dark Matter cannot be distinguished from conventional WIMPs. On
the other hand, if inelastic scattering off the electron shell dominates, the expected event spectrum in direct detection experiments is different and would provide a distinct signal. However, we
find that the signals in DAMA and/or CoGeNT cannot be explained by invoking leptophilic DM
because the predicted and observed energy spectra do not match, and because of neutrino bounds
from the Sun.
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1. Introduction

2. Leptophilic Dark Matter
Interactions between a Dark Matter (DM) fermion χ and charged leptons ℓ can be introduced
in a model-independent way by considering the effective operator
Leff = ∑ G (χ̄ Γiχ χ ) (ℓ̄Γiℓ ℓ)

with

i

G=

1
,
Λ2

(2.1)

where Λ is the UV-completion scale of the effective field theory, and Γχ , Γℓ are Lorentz tensors. In
principle, one can consider the following Lorentz structures:
χ

χ

Γℓ = cℓS + icℓP γ5 ,

χ

Γℓµ = (cVℓ + cℓA γ5 )γµ ,

scalar (S) / pseudoscalar (P):

Γχ = cS + icP γ5 ,

vector (V) / axial vector (A):

Γχ = (cV + cA γ5 )γ µ ,

tensor (T) / axial tensor (AT):

Γχ = (cT + icAT γ5 )σ µν , Γℓµν = σµν .

µ

χ

(2.2)

µν

However, it is straightforward to show [17] that for many of these operators, the low-energy WIMPelectron scattering cross section is proportional to v2 , where v is the WIMP velocity. Since, in units
of the speed of light, v2 ∼ O(10−6 ), these terms are negligible in direct detection experiments
unless all unsuppressed terms are absent and the cutoff scale Λ is very low. While this possibility
cannot be excluded in a model-independent way, it is ruled out in many concrete DM models,
which is why in most studies only the unsuppressed operators
S⊗S :

V ⊗V : G (χ̄γ µ χ ) (ℓ̄γµ ℓ) ,

G (χ̄ χ ) (ℓ̄ℓ) ,

A ⊗ A : G (χ̄γ µ γ 5 χ ) (ℓ̄γµ γ 5 ℓ) ,

T ⊗T :
2

G (χ̄σ µν χ ) (ℓ̄σµν ℓ)

(2.3)
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The possibility that Dark Matter interacts predominantly with leptons has recently received
a lot of attention [1 – 11], in particular in the context of cosmic ray anomalies [12 – 14] which
could be due to Dark Matter annihilation. The phenomenology of leptophilic Dark Matter in direct
detection experiments [15, 1, 16, 17] is somewhat less well explored, even though it has been
noted [15] that a scattering process in which the recoil energy is transferred to electrons could
explain the annual modulation signal observed in DAMA [18, 19] while remaining consistent with
constraints from other experiments which treat electron recoils as background. For similar reasons,
one might also hope to explain the CoGeNT signal [20] by invoking leptophilic Dark Matter.
In this talk, which is mainly based on Ref. [17], we study in detail the expected direct detection signals from leptophilic Dark Matter scattering. We will introduce our formalism, based
on an effective field theory description of Dark Matter scattering, in sec. 2, and then proceed to
a discussion of the four different classes of processes that can occur when a leptophilic weakly
interacting massive particle (WIMP) interacts in a detector: WIMP-electron scattering, elastic and
inelastic WIMP-atom scattering, and loop-induced WIMP-nucleus scattering. In sec. 3, we present
exclusion limits on leptophilic Dark Matter from various direct detection experiment, and in sec. 4
we supplement these results with limits on leptophilic WIMP annihilation into neutrinos in the Sun.
We summarize our results and conclude in sec. 5.
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where mχ is the WIMP mass, ρ0 ∼ 0.3 GeV cm−3 is the local DM density mA is the mass of
the target atom, Ed is the observed electron recoil energy, EB,nl is the binding energy of the (n, l)
atomic shell, and χnl (p) is the radial part of the momentum-space wave function of that shell,
R
normalized according to d p (2π )−3 p2 |χnl (p)|2 = 1. The function I(vmin ) is defined by I(vmin ) ≡
R 3
d v v−1 f (v) θ (v − vmin ), with the WIMP velocity distribution f (v) and the minimum WIMP
velocity required to obtain a recoil energy Ed given by vmin ≈ Ed /p + p/2mχ . To arrive at eq. (2.4),
we have evaluated the Feynman diagram of WIMP-electron scattering, taking into account the
modified kinematics for bound systems, and replacing the usual plane wave initial states with the
appropriate bound state wave functions. Comparing eq. (2.4) to the rate for conventional WIMPnucleus scattering through axial-vector couplings in a nucleophilic model,
r
m χ + mN
dR0
3ρ0 G2 0
Ed
0
with
vmin =
I(vmin )
≃
,
(2.5)
dEd
2π mχ
mχ
2mN
√
we find that (2.4) is suppressed compared to (2.5) by a factor of order me /mA × 2me Ed p2 |χnl (p)|2 .
For mχ & 10 GeV, the relevant values for p (i.e. those which lead to the smallest possible vmin and
p
hence to the largest possible value of I(vmin )) are p ∼ 2mχ Ed & 10 MeV/c. In fig. 1, we plot
p2 |χnl (p)|2 (which is proportional to the momentum distribution of the electron) as a function of p.
We observe that p2 |χnl (p)|2 is extremely small in the relevant momentum region, so that dR/dEd
is hugely suppressed compared to dR0 /dEd for similar values of G2 .
(ii) Elastic WIMP-atom scattering. If a WIMP interacts with one of the strongly bound inner
electrons of one of the target atoms, the energy transfer is not sufficient to overcome the electron
binding energy, and the recoil will be taken up by the atom as a whole. Experimentally, such
events would resemble conventional nuclear recoils. However, it turns out that elastic WIMP-atom
scattering is always subdominant compared to other processes [17], so we will not consider it
further here.
(iii) Inelastic WIMP-atom scattering. For scattering processes in which the energy transfer
is comparable to the binding energy of the target electron, the electron may be excited to a less
3
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are considered. Here, we will in particular focus on V ⊗ V and A ⊗ A operators since we will
see that, as far as the direct detection phenomenology is concerned, operators with other Lorentz
structures are qualitatively similar to either of the two.
A leptophilic WIMP can interact in a detector in four different ways:
(i) WIMP-electron scattering. If the WIMP interacts with a weakly bound electron (i.e. the
energy transferred to the electron is much larger than its binding energy to the atomic nucleus),
the electron will be kicked out of the atom to which it is bound, while the atom remains at rest.
The typical electron recoil energy in processes of this type if of order me v2 . 1 eV, far below the
O(keV) detection thresholds of DM direct detection experiments. However, since the electron
is initially in a bound state, there is a small probability that it enters the interaction with a very
high initial state momentum. In this case the kinematics is different, and O(keV) recoil energies
are possible, though unlikely. More precisely, the differential event rate for axial-vector WIMPelectron scattering is given by
Z
q
dp p
3ρ0 me G2
dR
(2.4)
2m
(E
−
E
)
(2l
+
1)
≃
|χnl (p)|2 I(vmin ) ,
e d
B,nl
∑
dEd
4π mA mχ nl
(2π )3
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Figure 1: The momentum space electron wave functions of iodine and sodium. Thick colored curves correspond to shells that contribute to WIMP-electron scattering in DAMA, while thin light curves correspond
to electrons that are too tightly bound to be separated from the atom in a WIMP interaction at DAMA energies. The approximate wave functions shown here are taken from ref. [21]. They do not include relativistic
corrections (which can lead to flattening at high momentum) or multi-electron correlations.

strongly bound state, but still remain bound to the nucleus. In that case, as for elastic WIMPatom scattering, the recoil momentum will be taken up by the atom as a whole. The event rate for
inelastic WIMP-atom scattering is proportional to

∑ ∑ |hn′ l ′ m′|ei(k−k )x|nlmi|2 ,
′

(2.6)

n′ l ′ m′ nlm

where (n, l, m) and (n′ , l ′ , m′ ) are the initial and final state quantum numbers of the electron and k,
k′ are the initial and final WIMP momenta. Since the electron wave functions are tiny at the large
momenta required in direct detection experiments, these matrix elements are tiny. Numerically, it
turns out that inelastic WIMP-atom scattering is subdominant compared to WIMP-electron scattering [17]. However, in experiments that reject pure electron recoils as background, it may be the
dominant contribution to the signal since it resembles WIMP-nucleus scattering.
(iv) Loop-induced WIMP-nucleus scattering. Even though tree level WIMP-nucleus scattering
is forbidden in our leptophilic scenario, it may be induced at the loop level through the diagrams
shown in fig. 2. While these diagrams are suppressed by one (1-loop) or two (2-loop) powers of
α Z, multiplied by a loop factor, compared to tree-level WIMP-nucleus scattering in conventional
nucleophilic DM models, the suppression is much less severe than that of WIMP-electron scattering
(i) and WIMP-atom scattering (ii), (iii). This leads to the conclusion that, whenever WIMP-nucleus
scattering is possible, be it only at the loop-level, it will be the dominant process in direct detection
experiments. This in particular means that leptophilic DM can only reconcile the DAMA and
CoGeNT signals with the null observations from other experiments if the loop-diagrams from fig. 2
vanish. This is, for example, the case for A ⊗ A couplings between DM and electrons.
We summarize this section with a rough numerical estimate for the relative rates of WIMPatom scattering (i), (ii) (WAS), WIMP-electron scattering (iii) (WES), and loop-induced WIMPnucleus scattering (iv) (WNS) [17]:
RWAS : RWES : RWNS ∼∼ 10−17 : 10−10 : 1 .
4
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Figure 2: DM-nucleus interaction induced by a charged lepton loop and photon exchange.

Let us now consider experimental constraints on leptophilic DM from direct detection experiments. In fig. 3, we show constraints on the WIMP mass and the WIMP–free electron cross
section σe0 derived from CDMS [22], XENON-10 [23], CoGeNT [20], and DAMA [18] data. We
also compare the DAMA annual modulation spectrum to the signal predicted for leptophilic DM.
We see that for V ⊗ V interactions, the spectral fit to the DAMA data is good, but the tension between DAMA/CoGeNT and CDMS/XENON-10 is the same as in non-leptophilic models. This
is easily understandable because in the V ⊗ V case, the loop diagrams fig. 2 are non-zero, so the
dominant signal in all experiments is due to WIMP-nucleus scattering. On the other hand, for
A ⊗ A interactions, WIMP-nucleus scattering is absent, so only the much weaker inelastic WIMPatom scattering contributes to the CDMS/XENON-10 exclusion limits, while the DAMA/CoGeNT
signals are explained by the less-suppressed WIMP-electron scattering. Note that the analysis of
electron background events in CDMS, ref. [24], could be used to improve the CDMS limit, even
though it would still be consistent with the DAMA/CoGeNT-favored parameter region. A careful
analysis of the extremely low electron background in XENON-100 [25], however, may rule out
that region. In any case, the fit to the DAMA modulation spectrum (and the fit to the spectrum of
excess events in CoGeNT) is very poor in the case of A ⊗ A couplings because the steep decrease of
the electron wave functions at high momentum (fig. 1) leads to a too steeply decreasing modulation
spectrum. This rules out leptophilic DM with A ⊗ A couplings as an explanation for the DAMA
and/or CoGeNT signals. Since, as far as direct detection experiments are concerned, V ⊗ V and
A ⊗ A interactions encompass all phenomenologically different types of leptophilic DM models,
we conclude that leptophilic DM cannot reconcile DAMA and CoGeNT with other experiments.

4. Neutrinos from Dark Matter annihilation in the Sun
In addition to constraints from direct detection experiments, we have also considered DM
capture and annihilation in the Sun, which may lead to detectable neutrino signals. Since scattering
on the free electrons in the Sun is sufficient for a WIMP to be captured, DM capture in the Sun
does not receive the same suppression as WIMP-electron scattering observable in direct detection
experiments. Still, in those cases where WIMP-nucleus scattering is allowed, it is the dominant
capture reaction. For direct detection, it was sufficient to assume DM couplings to electrons (which
would not lead to annihilation of the captured WIMPs into neutrinos), but it is very natural to
assume that interactions with electrons are accompanied by interactions with other leptons. Even
without that additional assumption, annihilation into neutrinos can be induced by loop diagrams
similar to those shown in fig. 2, by a diagram in which two DM particles annihilate into virtual
5
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3. Exclusion limits on leptophilic Dark Matter from direct detection experiments

Leptophilic Dark Matter in Direct Detection Experiments and in the Sun

0.06

Σ0e = 5.37 ´ 10-44 cm2 , m Χ = 12.4 GeV

DAMA H90%3ΣL
no channeling

0.04

Σ0e = 6.97 ´ 10-44 cm2 , m Χ = 10.6 GeV

Χ2 = 9.06

CoGeNT
H90%3ΣL

10-43
Σ0e @cm2 D

Leptophilic DM, Vector interactions
Scattering on nuclei  1 loop

10-44
SK, ΧΧ ® Τ+ Τ- H90%L

10-45

Χ2 = 2.83

0.02
0.00
-0.02

wo 1st bin

-0.04

Full analysis

-46

Σ0e @cm2 D

10-25

101

102
m Χ @GeVD

Leptophilic DM, Axial vector interactions
Scattering on bound electrons
L
+09 H90%
CDMS 08
L
0%
H9
9L
10 H200
XENON0%3ΣL
DAMA H9

10-30

0

103

CoGeNT

H90%3Σ

L

10-35

10
E @keVD

15

0.06

Σ0e = 5. ´ 10-31 cm2 , m Χ = 816. GeV

0.04

Σ0e = 5.01 ´ 10-31 cm2 , m Χ = 202. GeV

20

Χ2 = 20.6

0.02
0.00
-0.02

wo 1st bin

-0.04

Full analysis

SK, ΧΧ ® Τ+ Τ- H90%L

10-40

5

Χ2 = 55.9

Sm @d-1 kg-1 keV-1 D

10

SK, ΧΧ ® ΝΝ H90%L

101

102
m Χ @GeVD

103

0

5

10
E @keVD

15

20

Figure 3: Left: CDMS, XENON-10, and Super-Kamiokande exclusion limits and DAMA/CoGeNT-favored
values for the WIMP mass mχ and the WIMP–fre electron scattering cross section σe0 . Right: comparison
of the observed annual modulation spectrum in DAMA to the prediction for leptophilic DM. The solid curve
has been fitted to the DAMA data from 2–8 keV, while for the dashed curve, the first energy bin has been
neglected. The top row of panels is for V ⊗ V interactions, while the bottom row is for A ⊗ A interactions.

electrons which then exchange a W boson and turn into neutrinos, or by W /Z radiation [26]. On
the other hand, neutrino signals from DM annihilation can be absent if there exists a particleantiparticle asymmetry in the DM sector. If we neglect this possibility, we can derive constraints
on leptophilic DM from Super-Kamiokande data [27] (black curves in fig. 3). These constraints
are comparable to direct detection constraints when WIMP-nucleus scattering dominates, but much
stronger than direct detection constraints when WIMP-electron scattering is most important. Thus,
even though Super-Kamiokande limits are not as model-independent as direct detection constraints,
they strongly support our conclusion that leptophilic DM cannot explain the DAMA signal.

5. Conclusions
In conclusion, we have studied the phenomenology of the well-motivated leptophilic Dark
Matter scenario in direct detection experiments and have made detailed predictions for the observable signals. In particular, we have classified leptophilic DM interactions into elastic WIMP-atom
scattering, inelastic WIMP-atom scattering, WIMP-electron scattering, and loop-induced WIMPnucleus scattering, with the first one having the smallest cross section and the last one the largest,
unless the relevant loop-diagrams are forbidden by symmetry arguments. We have then computed
6
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model-independent constraints on the parameter space of leptophilic DM from CDMS, XENON10, CoGeNT, and DAMA data, and slightly model-dependent constraints from Super-Kamiokande
data on DM-induced neutrino signals from the Sun. While our study shows that leptophilic DM has
a rich and interesting phenomenology, we have also seen that it cannot explain the DAMA/CoGeNT
signals while remaining consistent with null results from other experiments.
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