
and redefine the cN
i as independent from q. The most notable cases of q dependence is

featured perhaps in long range interactions, where the exchange of a massless mediator
is responsible for the interaction between the DM and the nucleons. The differential cross
section displays in this case negative powers of q, thus enhancing the scattering rate at lower
exchanged momenta. Assuming that the massless mediator responsible for the interaction
is the Standard Model photon2, the most relevant cases are a DM with small but nonzero
electric charge, electric dipole moment or magnetic dipole moment. As we shall see in more
detail in Sec. 5, these interactions feature all a 1/q2-dependence [4]. In addition to those in
eq. (1), we will therefore consider also the following long range operators:

O
lr

1
=

1

q2
O

NR

1
, O

lr

5
=

1

q2
O

NR

5
,

O
lr

6
=

1

q2
O

NR

6
, O

lr

11
=

1

q2
O

NR

11
.

(3)

According to Eq. (55) of [3] we can then write the spin-averaged amplitude squared for
scattering off a target nucleus T with mass mT as

|MT |2 =
m2

T

m2

N

12�

i,j=1

�

N,N �=p,n

cN
i cN �

j F (N,N �)
i,j . (4)

The F (N,N �)
i,j (v, ER, T ) are the form factors provided in the appendices of [3], and depend

critically on the type of scattering nucleus T ; they are also function of mχ, v and the nuclear
recoil energy ER = q2/2mT .
We can then construct the differential scattering cross section, which reads, in the non-
relativistic case,

dσT

dER

(v, ER) =
1

32π

1

m2
χmT

1

v2
|MT |2 . (5)

To write the scattering rate we need to take into account the general case in which the
detector is composed of different nuclides (these can be different isotopes of the same
specie, as well as different kind of nuclei). We take the numeric abundances of different
nuclides used in Direct Detection searches from Table II of [6], and convert them into mass
fractions3 ξT for each type of target nucleus T , with mass number AT , in the detector. The
differential rate for DM scattering off a specific target, expressed in cpd (counts per day)
per kilogram per keV, is then

dRT

dER

=
ξT

mT

ρ⊙
mχ

�

vmin(ER)

d3v v fE(�v)
dσT

dER

(v, ER) , (6)

where ρ⊙ � 0.3 GeV/cm3 is the DM energy density at the Earth’s location and fE(�v) is
the DM velocity distribution in the Earth’s frame. vmin(ER), the minimum velocity with
which a DM particle can scatter off a nucleus with a given recoil energy ER, also depends
on the target nucleus via the relation vmin =

�
mT ER/2µ2

T (for elastic scattering), where

2As we shall see in Sec. 5, gluons behave differently and need separate treatment.
3ξT = 103NAmT ζT /Ā, where NA = 6.022× 1023 is Avogadro’s number, ζT are the numeric abundances

and Ā ≡
�

T ζT AT .
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