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Dark matter interacting predominantly with leptons insted nuclear matter has received a lot
of interest recently. In this talk, we investigate the sigrexpected from such ’leptophilic Dark
Matter’ in direct detection experiments and in experiméodking for Dark Matter annihilation
into neutrinos in the Sun. In a model-independent framewwekcalculate the expected interac-
tion rates for different scattering processes, includilagtic and inelastic scattering off atomic
electron shells, as well as loop-induced scattering offri¢auclei. In those cases where the last
effect dominates, leptophilic Dark Matter cannot be digtiished from conventional WIMPs. On
the other hand, if inelastic scattering off the electronlistieminates, the expected event spec-
trum in direct detection experiments is different and wquidvide a distinct signal. However, we
find that the signals in DAMA and/or CoGeNT cannot be expldibg invoking leptophilic DM
because the predicted and observed energy spectra do radt,raatl because of neutrino bounds
from the Sun.
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1. Introduction

The possibility that Dark Matter interacts predominantlithrleptons has recently received
a lot of attention [1—11], in particular in the context of ads ray anomalies [12 —14] which
could be due to Dark Matter annihilation. The phenomenoluiggptophilic Dark Matter in direct
detection experiments [15, 1, 16, 17] is somewhat less walloeed, even though it has been
noted [15] that a scattering process in which the recoil gnés transferred to electrons could
explain the annual modulation signal observed in DAMA [18] While remaining consistent with
constraints from other experiments which treat electraoite as background. For similar reasons,
one might also hope to explain the CoGeNT signal [20] by imgkeptophilic Dark Matter.

In this talk, which is mainly based on Ref. [17], we study irtailethe expected direct de-
tection signals from leptophilic Dark Matter scattering.e Will introduce our formalism, based
on an effective field theory description of Dark Matter sesttg, in sec. 2, and then proceed to
a discussion of the four different classes of processescmratoccur when a leptophilic weakly
interacting massive particle (WIMP) interacts in a detectWdIMP-electron scattering, elastic and
inelastic WIMP-atom scattering, and loop-induced WIMRiBus scattering. In sec. 3, we present
exclusion limits on leptophilic Dark Matter from variousreict detection experiment, and in sec. 4
we supplement these results with limits on leptophilic Wiktiihilation into neutrinos in the Sun.
We summarize our results and conclude in sec. 5.

2. Leptophilic Dark Matter

Interactions between a Dark Matter (DM) fermigrand charged leptorscan be introduced
in a model-independent way by considering the effectiveatpe
. — . . 1
Lot =y G(XTyx)(erye)  with  G= A2 (2.1)
|

whereA\ is the UV-completion scale of the effective field theory, &ndl, are Lorentz tensors. In
principle, one can consider the following Lorentz struetir

scalar (S) / pseudoscalar (P): 'y = C’S( + icéyg, WS c§+ iChYs,
vector (V) / axial vector (A): Tk = (& +ckys) v, Fop= () +cay)yu, (2.2)
tensor (T) / axial tensor (AT): 4" = (cr +icatys) oY, Ty = Oy

However, it is straightforward to show [17] that for many béte operators, the low-energy WIMP-
electron scattering cross section is proportionaltavherev is the WIMP velocity. Since, in units
of the speed of lighty? ~ ¢(107°), these terms are negligible in direct detection experisient
unless all unsuppressed terms are absent and the cutaf/s@abery low. While this possibility
cannot be excluded in a model-independent way, it is rulddiromany concrete DM models,
which is why in most studies only the unsuppressed operators

S®S: G(XX)(£h), Vav: GXYHX) (tyl),

_ i (2.3)
AQA: G(XYHY’X) (Lyuy®l), TRT: G(XoH'X)(louul)
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are considered. Here, we will in particular focus ¥r®V and A® A operators since we will
see that, as far as the direct detection phenomenology teowed, operators with other Lorentz
structures are qualitatively similar to either of the two.

A leptophilic WIMP can interact in a detector in four differtewvays:

(i) WIMP-electron scatteringIf the WIMP interacts with a weakly bound electron (i.e. the
energy transferred to the electron is much larger than itglib energy to the atomic nucleus),
the electron will be kicked out of the atom to which it is boumdhile the atom remains at rest.
The typical electron recoil energy in processes of this i order mev? < 1 eV, far below the
O (keV) detection thresholds of DM direct detection experimentweler, since the electron
is initially in a bound state, there is a small probabilityatht enters the interaction with a very
high initial state momentum. In this case the kinematicsffergnt, and¢'(keV) recoil energies
are possible, though unlikely. More precisely, the diffeéi@ event rate for axial-vector WIMP-
electron scattering is given by

dR _ 300meG?

d
G, = armmprm, 3 V/ 2o (Ea—Ean) @ +2) [ LSl (P)F ), (24)

wheremy is the WIMP masspg ~ 0.3 GeV cnt?3 is the local DM densityma is the mass of
the target atomEy is the observed electron recoil ener@y n is the binding energy of thén,l)
atomic shell, andyn(p) is the radial part of the momentum-space wave function of shall,
normalized according t¢d p(271)=3p?| xn (p)|2 = 1. The functionl (Vmin) is defined byl (Vimin) =
[d3v v (V) B(V — Vimin), with the WIMP velocity distributionf (v) and the minimum WIMP
velocity required to obtain a recoil energy given byvmin ~ Eq/p+ p/2my. To arrive at eq. (2.4),
we have evaluated the Feynman diagram of WIMP-electrortesoay, taking into account the
modified kinematics for bound systems, and replacing thalydane wave initial states with the
appropriate bound state wave functions. Comparing eq) (@.the rate for conventional WIMP-
nucleus scattering through axial-vector couplings in dewghilic model,

dr° - 3p062

dr WP my + My Eq
dEg  2rmy

I (Vgﬂn) with min — my 2N

: (2.5)

we find that (2.4) is suppressed compared to (2.5) by a fattoderms/ma x v/2meEq p2|Xni (P)|?.
Form, 2 10 GeV, the relevant values far(i.e. those which lead to the smallest possigig and
hence to the largest possible valuel Gfmin)) are p ~ /2myEq 2 10 MeV/c. In fig. 1, we plot
p?|xni (P)|? (which is proportional to the momentum distribution of theatron) as a function gp.
We observe thap?|x.(p)|? is extremely small in the relevant momentum region, so thrid Eq
is hugely suppressed comparedi®®/dEy for similar values ofG?.

(i) Elastic WIMP-atom scatteringlf a WIMP interacts with one of the strongly bound inner
electrons of one of the target atoms, the energy transfestisutfficient to overcome the electron
binding energy, and the recoil will be taken up by the atom aghale. Experimentally, such
events would resemble conventional nuclear recoils. Hewéturns out that elastic WIMP-atom
scattering is always subdominant compared to other preseld¥], 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 electroa,dlectron may be excited to a less
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Figure 1: The momentum space electron wave functions of iodine anaisodrThick colored curves cor-
respond to shells that contribute to WIMP-electron scattein DAMA, while thin light curves correspond
to electrons that are too tightly bound to be separated fr@mvatom in a WIMP interaction at DAMA ener-
gies. The approximate wave functions shown here are taken ffief. [21]. They do not include relativistic
corrections (which can lead to flattening at high momentunmpolti-electron correlations.

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

; Z\(n’l’rrﬂei(k*k’)xynlmﬂz, (2.6)
n’l’m' nlm

where(n,l,m) and(r/,I’,nY) are the initial and final state quantum numbers of the elearalk,

k’ are the initial and final WIMP momenta. Since the electronevawctions are tiny at the large
momenta required in direct detection experiments, thegexr@ements are tiny. Numerically, it
turns out that inelastic WIMP-atom scattering is subdomire@ompared to WIMP-electron scat-
tering [17]. However, in experiments that reject pure et@mtirecoils as background, it may be the
dominant contribution to the signal since it resembles WAMRleus scattering.

(iv) Loop-induced WIMP-nucleus scatteririgven though tree level WIMP-nucleus scattering
is forbidden in our leptophilic scenario, it may be inducedhe loop level through the diagrams
shown in fig. 2. While these diagrams are suppressed by olw}-or two (2-loop) powers of
aZ, multiplied by a loop factor, compared to tree-level WIMRefeus scattering in conventional
nucleophilic DM models, the suppression is much less sdkarethat of WIMP-electron scattering
(i) and WIMP-atom scatteringii), (iii) . This leads to the conclusion thathenever WIMP-nucleus
scattering is possible, be it only at the loop-level, it Wil the dominant process in direct detection
experiments. This in particular means that leptophilic DM can only redtmt¢he DAMA and
CoGeNT signals with the null observations from other experits if the loop-diagrams from fig. 2
vanish. This is, for example, the case for A couplings between DM and electrons.

We summarize this section with a rough numerical estimatehie relative rates of WIMP-
atom scatterindji), (i) (WAS), WIMP-electron scatteringii) (WES), and loop-induced WIMP-
nucleus scatteringv) (WNS) [17]:

RS RVES: RS v 107170107101 1. 2.7)
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Figure 2: DM-nucleus interaction induced by a charged lepton loopraton exchange.

3. Exclusion limitson leptophilic Dark Matter from direct detection experiments

Let us now consider experimental constraints on leptoptilM from direct detection ex-
periments. In fig. 3, we show constraints on the WIMP mass hadMIMP—free electron cross
sectiona? derived from CDMS [22], XENON-10 [23], CoGeNT [20], and DAMJAS8] data. We
also compare the DAMA annual modulation spectrum to theadigredicted for leptophilic DM.
We see that fo¥ ®V interactions, the spectral fit to the DAMA data is good, bt tbnsion be-
tween DAMA/CoGeNT and CDMS/XENON-10 is the same as in nqatephilic models. This
is easily understandable because in\the V case, the loop diagrams fig. 2 are non-zero, so the
dominant signal in all experiments is due to WIMP-nucleusttecing. On the other hand, for
A® A interactions, WIMP-nucleus scattering is absent, so diyniuch weaker inelastic WIMP-
atom scattering contributes to the CDMS/XENON-10 excladimits, while the DAMA/CoGeNT
signals are explained by the less-suppressed WIMP-etestrattering. Note that the analysis of
electron background events in CDMS, ref. [24], could be useidhprove the CDMS limit, even
though it would still be consistent with the DAMA/CoGeNT#aed parameter region. A careful
analysis of the extremely low electron background in XEN@O® [25], however, may rule out
that region. In any case, the fit to the DAMA modulation spatti{and the fit to the spectrum of
excess events in CoGeNT) is very poor in the cast®A couplings because the steep decrease of
the electron wave functions at high momentum (fig. 1) leadsttm steeply decreasing modulation
spectrum. This rules out leptophilic DM with® A couplings as an explanation for the DAMA
and/or CoGeNT signals. Since, as far as direct detectiosrarpnts are concernet,@V and
A® A interactions encompass all phenomenologically diffetgpes of leptophilic DM models,
we conclude that leptophilic DM cannot reconcile DAMA and@xNT with other experiments.

4. Neutrinosfrom Dark Matter annihilation in the Sun

In addition to constraints from direct detection experitserwe have also considered DM
capture and annihilation in the Sun, which may lead to dabdetneutrino signals. Since scattering
on the free electrons in the Sun is sufficient for a WIMP to betwaed, DM capture in the Sun
does not receive the same suppression as WIMP-electraeriagtobservable in direct detection
experiments. Still, in those cases where WIMP-nucleudestag is allowed, it is the dominant
capture reaction. For direct detection, it was sufficier@gsume DM couplings to electrons (which
would not lead to annihilation of the captured WIMPs into tn@ws), but it is very natural to
assume that interactions with electrons are accompaniedténactions with other leptons. Even
without that additional assumption, annihilation into tmgws can be induced by loop diagrams
similar to those shown in fig. 2, by a diagram in which two DMtjes annihilate into virtual
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Figure3: Left: CDMS, XENON-10, and Super-Kamiokande exclusiontg@nd DAMA/CoGeNT-favored
values for the WIMP mass, and the WIMP—fre electron scattering cross sectidn Right: comparison
of the observed annual modulation spectrum in DAMA to thelfmtion for leptophilic DM. The solid curve
has been fitted to the DAMA data from 2—-8 keV, while for the dabhurve, the first energy bin has been
neglected. The top row of panels is R V interactions, while the bottom row is fér® A interactions.

electrons which then exchang@&\éboson and turn into neutrinos, or by/Z radiation [26]. On
the other hand, neutrino signals from DM annihilation canabsent if there exists a particle-
antiparticle asymmetry in the DM sector. If we neglect thisgibility, we can derive constraints
on leptophilic DM from Super-Kamiokande data [27] (blackwas in fig. 3). These constraints
are comparable to direct detection constraints when WIME&aus scattering dominates, but much
stronger than direct detection constraints when WIMPtsbacscattering is most important. Thus,
even though Super-Kamiokande limits are not as model-igidgnt as direct detection constraints,
they strongly support our conclusion that leptophilic DMinat explain the DAMA signal.

5. Conclusions

In conclusion, we have studied the phenomenology of the-metivated leptophilic Dark
Matter scenario in direct detection experiments and havdendatailed predictions for the observ-
able signals. In particular, we have classified leptopliiid interactions into elastic WIMP-atom
scattering, inelastic WIMP-atom scattering, WIMP-elentscattering, and loop-induced WIMP-
nucleus scattering, with the first one having the smallesdscsection and the last one the largest,
unless the relevant loop-diagrams are forbidden by symnaguments. We have then computed
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model-independent constraints on the parameter spacgtoplilic DM from CDMS, XENON-
10, CoGeNT, and DAMA data, and slightly model-dependenstraimts from Super-Kamiokande
data on DM-induced neutrino signals from the Sun. While dwds shows that leptophilic DM has
a rich and interesting phenomenology, we have also seeit taanot explain the DAMA/CoGeNT
signals while remaining consistent with null results frother experiments.
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