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A neutral dark matter particle may possess an electric dipole moment (EDM) or a magnetic dipole
moment (MDM), so that its scattering with nuclei is governed by electromagnetic interactions. If the
moments are associated with relevant operators of dimension-5, they may be detectable in direct search
experiments. We calculate complete expressions of the scattering cross sections and the recoil energy
spectra for dark matter with these attributes. We also provide useful formulae pertinent to dark matter

that interacts via an electric charge form factor (CFF) which is related to the charge radius defined by an
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effective dimension-6 operator. We show that a 7 GeV dark matter particle with an EDM, MDM or CFF
easily reproduces the CoGeNT excess while remaining consistent with null searches.
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1. Introduction

The nature of the dark matter (DM) particle is unknown. There
are many well studied scenarios guided by theoretical niceties such
as the Minimal Supersymmetric Standard Model, models with ex-
tra dimensions, and the Little Higgs Models with T-parity, all of
which posit that the DM particle interacts primarily via weak inter-
actions. On the experimental side, direct DM searches are looking
for signals of the recoiling nuclei from DM-nucleus scattering. We
take the uncommon view that the scattering process may be elec-
tromagnetic in nature. The interaction occurs through the electric
dipole moment (EDM) or the magnetic dipole moment (MDM) of
dark matter. The interactions are described by dimension-5 opera-
tors for non-self-conjugate particles, such as Dirac DM, but not for
Majorana DM. The EDM and MDM of DM can be induced by un-
derlying short distance physics at the one-loop order or higher. As
there are no strong reasons against large CP violation in the DM
sector, we cannot neglect the EDM possibility. In fact, for compa-
rable short distance cutoffs, we find that an EDM may give the
dominant contribution to DM-nucleus scattering because it di-
rectly couples to the nuclear charge. In the EDM case, the recoil
energy Eg distribution is highly enhanced in the low Ey region as
1/(vaR) (where v, is the speed of the DM particle in the rest
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frame of the nucleus) in contrast with that from MDM which goes
as 1/Eg.

While DM-nucleus scattering due to the MDM of DM has been
studied extensively in the literature, the relevant formulae with the
correct dependence on the nuclear charge Z and nuclear moment
Wz a are not available. In this work, we provide analytic expres-
sions for the scattering cross sections for the MDM and EDM cases
with careful expansions in the relative velocity and recoil energy.
To complete the treatment of electromagnetic properties of DM,
we extend our analysis to the dimension-6 operator, which is the
electric charge form factor (CFF) slope or the charge radius of the
neutral DM. The operator has a structure that is similar to that of
the spin-independent (SI) interaction.

2. Electric dipole moment of dark matter

The effective non-relativistic Hamiltonian of the EDM of a par-
ticle with spin S is

Hegf=—dE - §/S,

with the normalization chosen to agree with the standard form
for a spin % particle, i.e., —dE - o, where 4 is dimensionful, and
the electromagnetic energy density is (E2 4 B2)/2. As the electric
field of the nucleus E = —grad¢, we identify the gradient with
the momentum transfer q. Therefore, the direct scattering of the

DM particle x and the nucleus N, x N — x N, via the interaction
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between the DM electric dipole (with moment d, ) and the nuclear
charge Ze (with e? =4ma) is

M=S-i dX]Ze
= q qu .

It is important to note that the momentum transfer q is Galilean
invariant and is conveniently related to the center-of-mass mo-
mentum p. Hence dg? = 2|p|?dcos6 = 4|p|>%2, and |p| = m, v,
m'ZTan is the reduced mass; ms and m, are the
masses of the nucleus and DM particle, respectively. g% ranges
from 0 to (2m,v;)?, as is easily checked in the center-of-mass
frame in which the momenta have equal magnitudes myvy.! We
use the spin relation,

where m, =

Tr(S'S7) = 25 + 1)8US(S +1)/3,
to obtain the spin-averaged differential cross section,

(S+1) 1 dg?

1
doepm (X N) = Edizzez 33 VZ?|GE(¢12)|2- (1)
r

We have included the nuclear charge form factor |Gg(q%)|? to in-
corporate elastic scattering effects off a heavy nucleus.? Accounting
for a difference in convention in the definition of e, our formula
agrees with that of Ref. [6].

We relate g2 to the nuclear recoil energy in the lab frame, g% =
2myEg, and find

! The DM particle velocity in the frame of the galactic halo is usually de-
scribed [1] by a Maxwellian distribution,

fCwdiv= eV iy,

_N
(vo/m)3

where the most probable velocity is vop =230 km/s, and the distribution is cut off
at the escape velocity vesc =600 km/s. The normalization N is close to 1, or more
precisely,

1

- erf(vesc/vo) — \/Z_F(Vesc/VO) eXP(_Vgsc/V(Zj) .

The one-variable velocity distribution is

4v2N

3
Yo

fEw)dv = eV dv.

However, since the solar system is moving at a speed vg =244 km/s with respect
to the halo [2] and vg ~ vp, we need to use a more relevant distribution of the
relative velocity, v, = v — vg. As an approximation we ignore the seasonal motion
of the Earth around the Sun with a relative speed of about 30 km/s. Then,

f(vr)d3vr = fc(v)d3v = fc(v, + \/,g)d3vr because d>v =d3vr.
For a fixed v;, we integrate the polar angle between v, and v to obtain

vrdvy
VEVoN/TT

If Vi > Vesc + VE, f1(vy) =0; see Refs. [1,3].

2 A good nuclear form factor can be found in Ref. [4]. The spatial charge distribu-
tion is parameterized by the Fermi distribution p(r) = po/(1 +e(~9/%) where the
radius at which the density is pg/2 is ¢ = (1.18A% —0.48) fm and the edge thick-
ness parameter is ap = 0.57 fm [5]. The form factor that is valid for nuclei with a
well-developed core (i.e., with atomic masses above 20) is obtained by the Fourier
transform in the limit ¢ > aop,

fivp)dve =N

(e*(min(vr*VE,Vesc))Z/V(Z) _ e*(mi11(V1‘+VE~Vesc))2/‘/(2))_

map sin(qc) cosh(wrapq)

Cr@ = |: cos(qc) :|47T2,0(10C
EYZ 70 7 sinn?(ragg) sinh(rraoq) q
3 1

=3 + (agm /c)?”

Note that Gg(0) =1.
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The 1/(vaR) dependence is characteristic of the EDM of the DM
particle.?

To have an EDM, the DM particle cannot be self-conjugate. Con-
sequently, for S = % the particle has to be Dirac. Note that the spin
factor % becomes 1 for S = % in our numerical illustrations. Our
result also applies to the anti-dark matter particle under the as-

sumption that CPT is conserved.
3. Magnetic dipole moment of dark matter

In the static limit, the DM magnetic moment can only couple
to the nuclear magnetic moment via the induced magnetic field.
The non-relativistic effective Hamiltonian of a magnetic moment
of a particle with spin § subject to a magnetic field B is, in our
convention

Heff=—uB-S/S,

which agrees with the standard form for a spin % particle, ie.,

—uB - o, where i is dimensionful. Since B =V x A, we identify
the curl Vx with the momentum transfer gx. The direct scat-
tering off the nucleus of spin I via the interaction between the
nuclear magnetic moments (17,4 and the magnetic moment pi, of
the DM particle is described by

1
M:qu~<M—X—Mz’A>1x

S q? 1

3 The differential reaction rate (per unit detector mass) is

dR_pol

dEx ~ my

Vmin

do
vrf1 (Vr)a dvr,

where the local DM density pp = 0.3 GeV/cm? and vy, = /";’:HEZR. dR/dEg in-

cludes contributions from both x and its conjugate jx for they have the same cross
sections.

In the non-relativistic limit, the differential cross section can be Maclaurin ex-
panded in powers of v;. The two most important contributions are

do ~ ld{cr_} +d{ot},
V7

with v, independent coefficients denoted by brackets. (For example, in Eq. (1),
d{o_} is the coefficient of v;2, and d{o} = 0.) Usually, the first term is the rel-
evant one (as in the EDM, CFF, or SI cases). However, in certain cases like MDM,
the second term may compete due to the 1/Er enhancement from the low energy
virtual photon propagator. On integrating, we find

dR po 1 [d{a_}ll d{a+}v01+i|’

E_Ea dER Vo B dER

where the dimensionless integrals are defined by

= _ vo erf( Y4\ —erff Ve _ 2 (vu_va e~ Vesc/VE |,
N 2vE Vo Vo ﬁ Vo Vo

and

evid (V1w
Vg YT

SR

_v2 2
((Vmin + Vesc — Vd)3 — (Vmin + Vesc — Vu)3)i|€ Vese/ Vo,

¥e (2vEVdﬁ * %)
)

v 2v2
+—°(1+ £
v

1
P 2+7
ﬁ[ 3vev3

with the shorthand v, = min(vyin + VE, Vesc), Vg = Min(Vyin — VE, Vesc). Note that
I_ =0 for viin > Vesc + VE.
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