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Abstract: Dark matter (DM) scattering on nuclei in direct detection experiments is well

suited to an Effective Field Theory (EFT) description. We review two parametrizations

of DM interactions: the three flavor DM EFT where the degrees of freedom are the DM,

quarks, gluons and, photons; and the NR EFT where the degrees are the DM, protons, and

neutrons. In practice, the results of direct DM detection experiments are most conveniently

compared using the partonic three flavor DM EFT, since in this case the Wilson coefficients

can be taken constant (w.r.t. the momentum transfer), and can be rather straightforwardly

compared to UV models. This, then, captures all DM UV models in which the mediators

are heavier than a few hundred MeV. We also discuss the use of EFTs for connecting the

low energy direct detection scattering rates with the UV DM theory. All the results of this

program are available in the DirectDM computer code.
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Introduction. For a large class of dark matter (DM) models, the physics of direct

detection experiments can be described using Effective Field Theories (EFTs) [1–29]. The

reason is that the momentum transfer q for DM scattering on a nucleus is small, typically

less than 200 MeV, so that the effect of forces mediated by particles heavier than this scale

can be described by an EFT. Furthermore, the interactions between the DM and the nucleus

can be organized via a power counting parameter q/Λχ where q is the momentum transfer

and Λχ is the chiral symmetry breaking scale. (That is, the interactions are organized by

their chiral dimension [30, 31].)

The construction of DM EFTs has two goals. The first goal is to compare the results

of direct detection experiments that use different target materials in a model-independent

way. To achieve this, a DM EFT valid at a scale µ ' 2 GeV can be constructed. The

second goal is to connect the results of the direct detection experiments to the physics at

much higher scales: indirect DM searches, DM production at the LHC, and ultimately to

the full UV theory of DM. In this case one can construct a tower of EFTs, see Fig. 1.

DM EFT for comparing direct detection experiments. At low energies, the

interactions of DM with the SM can be parametrized in two different ways. The first is in

terms of an EFT where DM interacts with quarks, gluons, and photons (three-flavor DM

EFT at µ ' 2 GeV [21]). The second option is the Galilean invariant EFT, or NR-EFT, in

which DM interacts with non-relativistic neutrons and protons [9, 10, 12]. NR-EFT is an

EFT, in a strict sense, only in the limit where q � mπ and e → 0, where e is the electric

charge – i.e. also neglecting QED effects. In this case, the NR-EFT is the pion-less (and

photon-less) limit of chiral EFT for DM [18–20].

In the three-flavor DM EFT, the operators are organized in terms of operator dimen-

sions so that the effective Lagrangian takes the form LDMEFT =
∑

d,a C
(d)
a Q(d)

a /Λd−4, where

C(d)a are dimensionless Wilson coefficients, and Λ is the typical scale of the UV theory for

DM. The sum is over different operators, Qa, of dimension d. An example of a d = 6

operator for fermionic DM is (χ̄γµχ)(q̄γµq), for a vectorial interaction, or a d = 7 operator

(χ̄χ)GaµνG
aµν for a scalar interaction. The full basis of up to and including dimension-7

operators can be found in [26] for the case mχ � Λ.

By contrast, in the NR-EFT, the degrees of freedom are the DM and the non-relativistic

neutrons and protons. Usually the NR-EFT is truncated at leading chiral order so that

the effective DM interactions take the form LNR =
∑

a c
N
a (q)ONa , where the interaction

operators ONa involve the non-relativistic DM and nucleons, with the latter only entering

in the form of single nucleon currents. For instance, both vector and scalar mediators give

rise to an operator 1χ ⊗ 1N , where 1χ(1N ) are the number operators for DM (nucleons).

There are two approaches to NR-EFT that are often taken in the literature. One can

work in the strict EFT limit, which corresponds to the pion-less limit of chiral EFT, and

the assumption that DM does not couple to photons, even not through higher dimension

operators. In this case cNa can be taken to be constant (see, e.g., [32–38]). The other

option is to allow cNa (q) to depend on the momentum exchange, since at µ = 2 GeV QCD

and QED still have long-range degrees of freedom, e.g., pions or the photon. This SM

dynamics can be incorporated in a non-perturbative matching from the three-flavor DM
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Figure 1. The tower of EFTs linking the UV scale Λ to the scale of interactions between the

nucleons and the DM.

EFT onto NR-EFT (in this case NR-EFT is not an EFT in the strict sense, but is rather

equivalent to the leading order of chiral EFT that includes photons as dynamical degrees

of freedom). The cNa (q) can then be viewed as functions of C(d)a with known dependence on

the momentum transfer, q; the leading order expressions are given, e.g., in [21].

Taking cNa (q) to be constant unnecessarily introduces model dependence into the NR-

EFT. For instance, such a choice does not capture DM UV theories that give dominant

contributions to either of the two dimension 5 operator in the three-flavor EFT (see Sec. 4

of [21]), or to one out of four dimension 6 operators, or to four out of ten dimension 7

operators (not counting flavor multiplicities). Furthermore, the limit of constant cNa does

not appreciably reduce the number of unknown parameters: there would be 24 parame-

ters that are to be varied in direct detection fits to NR-EFT assuming only ON1 , . . . ,ON12
non-relativistic operators are generated vs. 25 independent combinations of Wilson coeffi-

cients C(d)a that would be varied in three flavor EFT fits staying at dimension 7 (excluding

dimension 7 operators with derivatives) and at leading order in chiral expansion.

Therefore, we argue that the model-independent comparison of direct detection exper-

iments is best done as follows: the Wilson coefficients C(d)a in three-flavor DM EFT can be

taken to be constants that can be freely varied in a fit. Since the DM EFT has a clear

counting by operator dimension, one can truncate the expansion, for instance at dimension

7, making the approach tractable in terms of the number of unknown parameters. Fur-

thermore, the matching onto the NR-EFT, or more generally the chiral EFT [18, 20, 39],

is organized via a power counting parameter (i.e. the chiral expansion). The leading-order

expressions are given in [21], but sub-leading contributions, such as the effect of two-body

currents, can also be included [29, 39, 40]. The nuclear responses can then be calculated

using the NR-EFT/chiral EFT. This approach captures all UV models of DM where the

mediators are heavier than a few hundred MeV.

Connecting with the UV. When connecting the results of direct detection experi-
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ments to the UV theory of DM several different scales enter: the DM mass, mχ, the scale

of the DM-SM mediators, Λ, and, finally, the standard model (SM) scales – the masses

of the SM particles and the scale of strong interactions, ΛQCD. The hierarchy between

these scales determines which EFTs constitute the tower that connects the direct detec-

tion and UV scales, see, e.g., Fig. 1. We are in the middle of a program of constructing

the EFTs for each self consistent ordering of the EFT scales, as well as for various DM

spins and electroweak quantum numbers. The ultimate goal is to provide leading-order

predictions for direct detection rates for any choice of a UV theory. This also means that

electroweak corrections need to be included since they mix operators with very different

non-relativistic limits. The current and future results of this research are available in the

form of the DirectDM computer code.
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