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ABSTRACT: The quest to discover the nature of dark matter continues to drive many of the
experimental and observational frontiers in particle physics, astronomy, and cosmology. While
there are no definitive signatures to date, there exists a rich ecosystem of experiments search-
ing for signals for a broad class of dark matter models, at different epochs of cosmic history,
and through a variety of processes with different characteristic energy scales. Given the mul-
titude of candidates and search strategies, effective field theory has been an important tool
for parametrizing the possible interactions between dark matter and Standard Model probes,
for quantifying and improving model-independent uncertainties, and for robust estimation of
detection rates in the presence of large perturbative corrections. This white paper summa-
rizes a wide range of effective field theory applications for connecting dark matter theories to
experiments.
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1 Executive Summary

Effective Field Theory (EFT) techniques enable precise calculations of dark matter (DM)
signals, and have already had a significant impact on the experimental searches in a num-
ber of cases, such as predicting DM annihilation rates relevant for imaging atmospheric
Cherenkov telescopes, as well as DM scattering rates relevant for flagship direct detection
experiments. The fixed order calculation of annihilation cross sections for heavy, TeV-scale,
weakly-interacting massive particle (WIMP) dark matter into photons suffers from large Su-
dakov double logarithms. These were resummed using Soft Collinear Effective Theory to
next-to-leading logarithmic (NLL) accuracy [1], reducing theoretical uncertainties from a fac-
tor of a few to the level of ~5%. The improved predictions are being used by members of
the HESS collaboration for interpreting their results [2], and are similarly incorporated into
the ongoing analysis by the VERITAS telescope. The inclusion of the EFT effects is crucial:
the leading order cross section for the Higgsino is just within the discovery reach of CTA [3]
(assuming a canonical Milky Way dark matter distribution), and whether this well-motivated
WIMP candidate can be discovered or excluded in the coming years hinges on where higher
order corrections move the leading order prediction. In direct detection the use of EFTs allows
for a model independent comparison of experiments. Because the momentum exchange in
DM scattering on nuclei is small, the DM EFTs capture large classes of DM models, as long as
mediators are heavier than a GeV. The direct detection EFT framework, either based on DM
interactions with nucleons, or on DM couplings to quarks and gluons, was already adopted
by a large number of experimental collaborations when interpreting their results [4-11].

This white paper also highlights a variety of other uses of EFT that further our un-
derstanding of DM phenomenology. High precision predictions for direct detection of heavy
WIMPs were obtained through the use of a heavy particle EF T, while potential non-relativistic
EFT was used to perform precise thermal relic abundance calculations for heavy WIMPs in
the regime where Sommerfeld enhancements are important. Similarly, the implications of
DM self-interactions for structure formation can be understood using nonrelativistic EFT.
Additionally, new direct detection techniques for light DM with mass below a GeV rely on
condensed matter effects that can be well described using EFTs. Finally, the collider searches
for DM production have been interpreted using simplified models for the better part of the
past decade.

Given these successes, it is clear that continued development of EF'T tools for dark matter
will be important for interpreting signals from current and future experiments, especially in
the event of a discovery.

2 Heavy DM: Direct Detection

In a large class of models, the Standard Model is extended at low energies by one or a few
particles transforming under definite representations of SU(2)y x U(1l)y with masses much
heavier than the electroweak scale, M > myy. This is the case for a thermal relic electroweak



107%

1074 10-47¢ ]
10746 - o
& E E —48
§ 10~ S 107 1
~ S8
g °

10_48_ 10—49 L

10_49 m 1/M? (estimate) ; o
10—50 1 . =,
0.1 02 05 1 2 5 10 9 100 110 120 130
M (TeV) mp(GeV)

Figure 1. (Left) WIMP-proton scattering cross section as a function of the WIMP mass for a Majo-
rana triplet. For M 2 700GeV, the prediction is given by the universal M — oo limit. The red band
represents perturbative and hadronic input uncertainties, and includes sample model-dependent 1/M
corrections. The orange band estimates the impact of 1/M? corrections. Figure taken from Ref. [18].
(Right) The impact of perturbative QCD corrections on the universal cross section is illustrated as
a function of the Higgs mass. Bands represent predictions including higher-order contributions (as
labeled) to the running and matching calculations below the weak-scale. Figure taken from Ref. [16].

triplet (wino) or doublet (Higgsino), and is consistent with null results at the LHC and at
direct detection experiments. For such models, we can apply a heavy particle formalism
familiar from Heavy Quark Effective Theory [12-14] to develop a systematic framework for
describing the interactions of such heavy WIMPs with Standard Model particles [15, 16].

Analogous to the case of heavy quarks, heavy WIMP symmetry emerges in the M > myy
limit. Spin-independent WIMP-nucleon scattering cross sections become universal for given
WIMP electroweak quantum numbers, independent of the details of the UV completion. For
example, the cross section does not depend on whether the DM is a scalar or fermion, or
whether it is fundamental or composite in nature. This universality can be parametrized
systematically in the 1/M expansion:

2 v vpo

L ZEU{Z"U-D —dm — 2D—]\Ji +CHH]\T4H +CW1U#]E/MV +CWQGM ’ ?\Z’/Wpa +...}hv. (2.1)
This Lagrangian specifies the interactions of h,, a heavy multiplet of self-conjugate parti-
cles with arbitrary spin and transforming under irreducible representations of electroweak
SU@2)w x U(1)y.! The coupling cy gives the leading correction to the universal spin-
independent cross-section in the heavy WIMP limit, and encodes ultraviolet physics, which
can be determined by matching to a specified UV completion. The couplings cy1 and cpo
are the leading contributions to spin-dependent scattering at low-velocity.

'The timelike unit vector v* defines the heavy WIMP velocity, D* and W*" are the usual covariant
derivative and field strengths, and DY = D* —v*v - D. See, e.g., Refs. [17, 18] for more details.



The simple universal heavy WIMP limit, obtained by taking M — oo in Eq. 2.1, was
analyzed in Refs. [15, 16], and revealed that generic amplitude-level cancellations suppress
the low-velocity WIMP-nucleon cross section by orders of magnitude compared to simple

estimates. For instance, the cross section for the triplet was found to be ~ 107*7 ¢cm?

, and
even smaller for the doublet. See Fig. 1. In the presence of such cancellations, formally
subleading effects can become relevant. The impact of corrections from perturbative QCD
is illustrated in the right panel of Fig. 1. The effect of the ¢y parameter was explored in
Refs. [18, 19], while the effect of multinucleon matrix elements was studied in Ref. [19].

While these small cross sections make heavy WIMPs more challenging to probe in di-
rect detection experiments, the model-independence of the heavy WIMP limit provides a
benchmark that can be precisely constrained by studying the underlying Standard Model
interactions. This includes contributions from matching at the weak scale [17], from running
between and matching at quark thresholds, and from evaluating hadronic matrix elements [20)].
These calculations also involve a number of effective field theory methods such as those used
in perturbative QCD and chiral perturbation theory. See Sec. 5 for further discussion.

Heavy particle methods have also been applied for studying the direct detection phe-
nomenology for the case of an additional singlet (bino) [21], and have been extended and
applied for resummation of large logarithms ~ log M /my relevant for the case of indirect
detection, as discussed in Sec. 3, as well as for analyzing corrections to Sommerfeld enhance-
ment, as discussed in Sec. 4.

3 Heavy DM: Indirect Detection

In many dark matter scenarios, we can observe a flux of its annihilation or decay products
from the ambient dark matter concentrations throughout the Universe. (See Ref. [22] for a
recent overview of this “indirect detection of dark matter.”) Asin Sec. 2, getting an observable
signal is straightforwardly realized by augmenting the SM with additional particles charged
under the electroweak SU(2)w x U(1)y. However, there are other possibilities, such as a
coupling £ D yx ¢, where x is the WIMP DM field that may be a SM singlet, and 1 is
some SM field. The case of ©» = H is the so-called “Higgs portal,” and if x is itself a scalar,
then the interaction even arises from a renormalizable operator [23] (cf. [24] for a current
review).

In indirect detection, the presence of WIMP-WIMP interactions gives a richer structure
to the heavy WIMP effective theory. If the DM is charged under the electroweak force
(or another force with light mediators), then it is subject to a long-range potential. This
can boost its annihilation rate via Sommerfeld enhancement, which is further detailed in
Sec. 4. Additionally, the DM can bind into short-lived wimponium states, and for certain
scenarios like the SU(2)w quintuplet, the capture photons are nearly detectable with present
experiments for certain masses [25]. Furthermore, the quintuplet offers an example of O(10%)
modification to the annihilation rate to energetic photons from the additional wimponium
channels [26].



For sufficiently heavy dark matter (M 2 1 TeV) one must account for the presence of
energies parametrically above the weak scale. Even in this regime though, the electroweak
symmetry remains broken. Thus, even observables like the semi-inclusive annihilation rate to
~v 4+ X exhibit double-log-enhanced radiative corrections from Bloch-Nordsieck violation [27—
29]. In the M, > my regime, the event kinematics relevant for indirect detection resemble
those of a collider experiment, but with showers of electroweak (rather than QCD) radiation
accompanying the photon and recoil “jets.” The appropriate EFT to sum the large logs of the
resulting scale hierarchies is soft-collinear effective theory (SCET) [30-33]. This was initially
developed for WIMP annihilation in a series of papers studying SU(2)y triplet or “wino”
dark matter [1, 34-38], but one can go to other electroweak multiplets like higgsino [39, 40]
or quintuplet [26] with similar machinery since many of the operator structures are the same.
The main ingredients are the soft Wilson lines and collinear gauge fields whose interactions
are highly constrained by the large gauge symmetry of SCET. The latter is expressed as

B (@) = ¢ [Wi(a) Dl Wa(a)]. (3.1)

where W,,(x) is a collinear Wilson line given by

Wi (z) = [ Y exp (—% 7 ~An(x))]. (3.2)

perms

See e.g. Ref. [38] for a careful definition of these expressions. It is straightforward to include
SCET fields for SM fermions and the Higgs, as well.

Simple electroweak WIMP scenarios yield multi-TeV photon line signals, making them
natural targets for gamma-ray telescopes. Nonetheless, a benefit of developing the electroweak
SCET is that it allows (along with standard QCD SCET) a first-principles resummation of the
final state shower of radiation. Thus, the modification for different experimental scenarios is
straightforward, as the same EFT can provide results for continuum photon, e* /e~ neutrino,
or cosmic ray final states. Changing the initial dark matter process is simple, too, as one just
requires a different high-scale annihilation or decay operator (like that of the Higgs portal)
before passing to the SM SCET.

As stated above, a primary application of the heavy DM EFT framework is to indirect
DM searches performed with terrestrial imaging atmospheric Cherenkov telescopes (IACTS).
When a high-energy gamma-ray impacts the atmosphere, the charged particles present in the
resulting shower produce Cherenkov radiation that can be detected on the Earth’s surface
on sufficiently dark nights. Detecting this radiation, an IACT can reconstruct the incident
photon with considerable angular and energy resolution. In exactly this manner, an TACT
can search for the photons generated by heavy DM annihilating in the galactic center. The
current generation of instruments searching for DM include MAGIC [41, 42], Veritas [43-45],
and HESS [2, 46-48]. Observations of the center of the Milky Way — where the brightest
signal from DM annihilation is expected — already place the thermal wino under tension. As
explored in Ref. [2], to avoid these constraints one can exploit our uncertainty in the DM
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Figure 2. Results reproduced from Ref. [3] showing the sensitivity of CTA to Higgsino (left) and
wino (right) DM annihilation in the galactic center. For the Higgsino, the result suggest that CTA
could be sensitive to the cross-section predicted at the thermal mass ~1TeV. However, the theory
prediction does not include the effects of the EFT of Heavy DM, which could easily shift the result in
either direction by a factor of few, and provides a clear motivation for this work. For the wino, one
sees that even with extremely conservative assumptions about the DM content of the inner galaxy,
corresponding to a very large core size, the predicted cross section at the thermal mass of ~3TeV
will be excluded (cf. at present this is not excluded by HESS [2]). We refer to Ref. [3] for additional
details.

density in the inner part of the Galaxy. For instance, if instead of steadily increasing towards
the galactic center the DM is cored within ~2kpc, then the predicted signal flux can be
reduced below the current limits. The next generation IACT, the Cherenkov Telescope Array
(CTA) [48-51], will be able to remove this caveat [3] (¢f. Fig. 2). As shown in Ref. [3], CTA
may also be able to probe the long sought after thermal Higgsino, a plot from that work
demonstrating this is reproduced in Fig. 2. Yet this result did not draw on the EFT of Heavy
DM, and whether this enhances or reduces the annihilation cross-section will determine the
fate of this DM candidate in the coming years.

An interesting feature of the SCET used for indirect detection is the presence of two
types of scale hierarchies. We straightforwardly have large logs of the form log(M, /mw).
A key aspect of IACTs that further influences the required EFT calculations is the energy
resolution. Thus, one also picks up large logs of the form log(1 — zcyt ), where zeyy is the energy
fraction of the WIMP mass below which a photon cannot have come from a simple 2 — 2
annihilation. For O(TeV) energy gamma-rays, existing instruments such as HESS can achieve
AE/E ~ 10%, a value CTA will improve to ~ 5% in the future. In either event, the resolution
is insufficient to distinguish between the line spectrum — photons emerging from two-body
final states, such as vy and vZ — and those originating from so-called endpoint photons, which
cannot be distinguished from the line photons given the finite resolution. This is why the



inclusion of endpoint photons is critical, and can impact the IACT sensitivities by an O(1)
factor [1, 38]. Of course it is also important to include photon contributions which can be
distinguished from the line spectrum, broadly categorised as continuum photons. For example,
these can emerge from the decay products of a WTW ™ final state, and can be incorporated
using results provided in Refs. [52, 53]. We note that continuum photons play a key role in
CTA’s sensitivity to the thermal Higgsino [3], as the telescope will have significantly enhanced
sensitivity to lower energy gamma-rays than previous IACTs. In [40, 54-56], the authors used
the numerical coincidence of (1 — zcut) and myy /M, over much of the range of current and
upcoming experiments for a simple EFT treatment of the wino and Higgsino. Equating these
scale hierarchies is not possible to do though, for the full dataset anticipated for the CTA
experiment [3]. Thus, the Higgsino remains a compelling target for further theoretical study.

4 Heavy DM: Corrections to Sommerfeld Enhancement

WIMP dark matter exhibits exciting phenomenology. As noted by Hisano et al. [57-59], the
annihilation cross-section is substantially altered when the DM mass is above about 1 TeV
due to the so-called Sommerfeld effect. In the non-relativistic regime, as the relative DM
velocity approaches zero, v — 0, the ladder diagrams formed by exchanges of weak gauge
bosons between the DM particles are responsible for the enhanced corrections. Each loop
is suppressed by a weak coupling constant as, but it receives an enhancement by a factor
M, /mw, where M, is the DM mass. When ay x M, /my ~ 1, the ladder diagrams must
be summed to all orders in perturbation theory. This section describes an EFT formalism
allowing us to compute DM annihilation cross-sections and relic density for models exhibiting
Sommerfeld enhancement. The main advantage offered by the EFT formalism is systematic
expansion and easiness of including higher-order corrections.

Potential non-relativistic EFT (PNRQED) is a natural framework for computing Som-
merfeld factors [60-62]. PNRQED has been initially developed in the contexts of QED and
QCD bound states and threshold problems [63—-65]. It is obtained form the full theory after
integrating out off-shell degrees of freedom. The counting parameter is given by velocity
v < 1. The Lagrangian, written in terms of potential DM fields y;, which form a multiplet
under SU(2)w, relevant for computations of annihilation cross section, is given by

2
_ i .10 S A
LPNRDM = Z X! (x) <ZD@ (t,0) — dm; + 5 Mx> xi(x)
- Z /dgr ‘/(ij),(kl)(r) Xl(taX)X;(taX + I‘)Xz'(t,X)Xj(t,X + I‘) : (41)
(6,3} {k.0}

The mass splitting between the multiplet members, which has a substantial impact on phe-
nomenology [66], is denoted by dm; and V{;j) (k) (r) are the potentials. At the leading order,
Vi) (kD) (r) is a combination of Coulomb terms due to photon exchange and Yukawa potentials
arising from massive gauge bosons. For example, for DM forming a Majorana SU (2)y triplet,



.
T T
— Vio(r) ] —-— Born only 7
—— Vio(r) +dV(r) 4 “+ LO potential 7
E [ —— NLO potential ,
------- Planck '18 7

[ov] [em® /5]
Qpnih?
\

L L L L
T T T T T
M”-/ -

Ratio

Figure 3. On the left: The annihilation rate x°x° — v + X, computed with the LO (blue) and
the NLO (red) potential as a function of DM mass. The ratio NLO/LO is shown in the lower panel
with gray bands indicating the range where the correction stays below 20% and 40%. On the right:
The relic abundance as a function of DM mass computed with Born cross sections (green), including
LO (red) and NLO (blue) Sommerfeld enhancement. The horizontal line corresponds to the observed
relic abundance. The lower panel illustrates the ratio of the NLO to LO Sommerfeld-corrected cross
section. Plots reproduced from [67, 68].

we decompose the two-particle states into states with definite total angular momentum and
spin, and find that the potential for the charge-neutral sector for the S wave spin-singlet 1Sy
and triplet 5] configurations reads

(4.2)

0 Ve >

Ve (tSy) = gy R
()( 0) —\/§a26 rw —%—O@C%/Ve TZ

a
0 Q2 —

Ve=(r)(s1) = (O LY emzr> . (4.3)
s

The precise predictions for DM annihilation rates and relic abundance require inclusion
of the next-to-leading order (NLO) potentials [67-69], especially near the location of the
resonance. These corrections come from integrating out regions with soft momentum scaling.
Often, the corrections affect the asymptotic behavior of the potentials. For example, massless
fermions generate long-distance contributions, which dominate the behavior for large r. In
the x"x? — xTx~ channel, at the LO, only short-range Yukawa-type potential appears, but
the NLO corrections change the asymptotic behavior to power-like 6V (r) ~ 1/r° behavior.

The LpnrpMm describes the dynamics of the heavy particles. To describe annihilation,
which is a short-distance process, it must be supplemented by higher-dimensional operators
dLann [60-62], whose Wilson coefficient are determined by matching the four-fermion opera-
tors on the full theory amplitude for x;x; — XiX-

The next step is to compute the co-annihilation cross-sections as functions of relative



velocity by taking relevant matrix elements of 6L,,,. The resulting expression combines
Wilson coeflicients and Sommerfeld factors for individual channels. The Sommerfeld factors
are evaluated by solving the Schrodinger equation and are given by the incoming DM particles’
scattering wave-functions evaluated at the relative distance equal to zero. In practice, the
solution is performed numerically, as the analytical solutions of the Schrédinger equation with
Yukawa potential are not known.

From here, determining the DM abundance requires the computation of the thermally av-
eraged cross-section (oegv) for all possible co-annihilation channels. To compute the thermal
relic DM abundance we solve the Boltzmann equation

dn(t)
dt

+3H(t)n(t) = —(oeqv)(n*(t) — ngy(1)), (4.4)
where n(t) is the total number density, H(t) is the Hubble rate and the neq(t) is the total
equilibrium number density. Computing the present-day yield, we can obtain the relic density.
The measured value of the DM abundance Qpyh? = 0.1205 is reproduced in a simple Wino
model for M, = 2.886 TeV using LO potential and M, = 2.842TeV for NLO potential, see
the right plot in Fig. 3. A 2% shift is typical size for electroweak corrections away for the
resonance region. The effect is more prominent for models where the location of the resonance
plays a significant role. The resonance is achieved for M, = 2.282TeV (M, = 2.419TeV) for
the LO (NLO) potential.

As the DM velocity is now much smaller than during the freeze-out, the NLO corrections
are more pertinent for the present-day annihilation rate, shown in the left plot in Fig. 3, as
a function of DM mass. The NLO corrections exceed 20% for a wide range of phenomeno-
logically viable DM masses. Therefore, it is of paramount importance that NLO potential is
included on a par with the resummation of soft and collinear effects.

The described non-relativistic EFT formalism can be applied to arbitrary models of
heavy DM interacting with much lighter bosons. The NLO corrections to the non-relativistic
potential can be found directly from [68] for SU(2)y. They are also implemented in the code
DMySpec [56], which allows computing DM annihilation spectra xx — v+ X that additionally
include resummation of large electroweak corrections [1, 36, 38, 40, 54, 55, 70], see Sec. 3.

5 Direct detection DM EFT for general mediators

For a large class of DM models, the physics of direct detection experiments, where DM scatters
on nuclei, can be described using effective field theories [15, 16, 18, 20, 21, 71-97]. The reason
is that the momentum transfer ¢ 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 ¢/A, where ¢ is the momentum transfer and A,
is the chiral symmetry breaking scale, so that the interactions are organized by their chiral
dimension [98, 99].
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and the DM. Plot reproduced from [100].

The construction of DM EFTs for DM scattering on nuclei 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 u ~ 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. 4.

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 pu ~ 2 GeV [88]). The second option is the Galilean invariant EFT,
or NR EFT, in which DM interacts with non-relativistic neutrons and protons [77, 78, 80].
Here, we focus first on the three-flavor DM EFT, while parametrization using NR EFT is

discussed in Sec. 5.2.

5.1 Three flavor DM EFT

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

that the effective Lagrangian takes the form

c\d
LDMEFT = Z A§*4 o, (5.1)
d,a
where C'((ld) are dimensionless Wilson coefficients, and A is the typical scale of the UV theory
for DM. The sum is over different operators, Q,, of dimension d. An example of a d = 6

operator for fermionic DM is (x7*x)(gy.q) for a vectorial interaction; a typical d = 7 operator

,10,



s (xx)Gy, G for a scalar interaction. The full basis of operators for scalar and fermion
DM of up to and including dimension seven can be found in [93], while the basis for vector
DM was given in [96]. The expansion in (5.1) assumes that there is a mass gap between the
DM candidate and the mediators, m, < A. If that is not the case, i.e., if the mediators have
a mass comparable to that of the DM or are even lighter, the appropriate description is in
terms of the Heavy DM EFT discussed in Sec. 2.

The DM EFT (or Heavy DM EFT) facilitates a model-independent comparison of direct
detection experiments, which is best done as follows: the Wilson coefficients céd) in three-
flavor DM EFT can be treated as unknown and are freely varied in a fit. The DM scattering
rates for different targets are obtained by first matching onto NR EFT, or more generally the
chiral EFT [85, 87, 101]. The leading-order expressions are given in Ref. [88], but sub-leading
contributions, such as the effect of two-body currents, can also be included [95, 101, 102].
They are then used to obtain the DM—-nucleus scattering cross sections. For both steps one
can use public codes, DirectDM [90] in combination with DMFormFactor [80], or ChiralEFT4DM
[95]. For a general Dirac fermion DM, 25 independent combinations of Wilson coefficients C((ld)
would be varied in three-flavor EFT fits when considering operators up to dimension-seven
(excluding d = 7 operators with derivatives) and at leading order in the chiral expansion.
While this is still a rather large set of parameters, the benefit is that this approach captures
all UV models for DM of a given spin with mediators heavier than a few hundred MeV.

One could instead entertain comparisons of direct detection experiments by only allowing
for a subset of Wilson coefficients to be non-zero. The two well-known limits already widely
used are spin-independent and spin-dependent scattering, but one can extend this to other
well motivated benchmark choices, some of which we list below:

Spin-independent (SI) scattering. The operators (Xv*x)(qv.q), (XX)(79), (Xx)(GG)
all lead to spin-independent scattering. That is, at leading order in chiral expansion they
give rise to NR EFT operators, Lyr = C{V 1, ® 1y, where 1,(1y) are the number operators
for DM (nucleons) and the sum over N = p,n is implied. For the comparison of direct
detection experiments under the assumption of SI scattering it suffices, therefore, to vary the
SI couplings of DM to protons and neutrons, ¢}”".

Spin-dependent (SD) scattering. In the NR limit there are two types of interactions
between the DM spin, §X, and nucleon spin, Sy, Lng = cflvg- Sy + cév(gx -q) (§N - q)/m3;.
Conventionally, in the comparisons of direct detection experiments under the assumption
of pure SD scattering, the cév are set to zero, which corresponds to taking just the tensor
operator (Xo,,x)(go*"q) in the three-flavor DM EFT to be nonzero. An alternative limit
is to assume that only the axial-axial operator ()’(yufyg,x)(cj’y“%q) is relevant, in which case
both ¢} and ¢} are generated, the latter with a parametric size ¢}/ ~ m3,/(m2 + ¢2), but
numerically only important for scattering of DM on heavier nuclei.

Gluophilic pseudoscalar mediator. A pseudoscalar mediator such as an axion-like par-
ticle (ALP) that couples to a fermionic DM and to the SM through the QCD anomaly (for
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Figure 5. Left panel: recoil energy dependence for the ‘pseudoscalar mediator’ benchmark. The
dashed lines show the artificial limit of neglecting terms proportional to ¢2. The shaded bands show
the sensitivity windows for PICO and LUX. Right panel: contributions to the exclusion curve from
the various NR operators in the case of magnetic dipole moment DM scattering on xenon. Plots
reproduced from [100].

simple realizations in 2HDM + singlet scenarios see, e.g., [103]) would give rise to the three
flavor operator yiysxG*” ézy This results in a SD scattering with rather complicated ¢?
pole structure in the cév coefficient, after matching onto NR EFT. The scattering rates on
light nuclei, such as fluorine, and heavier nuclei, such as Xenon, can then be quite different
from the conventional SD scattering benchmark discussed above, see Fig. 5 (left).

Magnetic dipole DM. If DM mediators are heavy and charged under the electroweak SM
gauge group, but do not directly couple to quarks, the leading interaction between fermionic
Dark Matter and the SM will be via the DM magnetic dipole moment, ng)) = 502 X" X F -
This induces ¢, cl¥ ,cév ,cév NR EFT coefficients that give different relative contributions
when scattering on heavy or light nuclear targets, and on whether DM is lighter or heavier.

An example for xenon target is shown in the right panel of Fig. 5.

Vector mediator for Majorana DM. For Majorana DM there are four relevant operators
in the three-flavor DM EFT: (X7.v5X)(7Y*q), (X7u5X)(@Y*¥5q), where ¢ = u,d (the (Xv.x)
currents vanish for Majorana fermions). The simplest UV realization for these a tree-level
exchange of a heavy Z’, in which case electroweak gauge invariance requires that the four
Wilson coefficients in three-flavor DM EFT are expressed in terms of just three operators,
(X5 QLAY QL), (XVusX) (Ury*ur), and (X7.75x)(dr7* dR), with coefficients that can
be parametrized as (¢'2/A%){cos ,sinf cos ¢ ,sin @ sin ¢}, respectively [104]. This means that
one cannot simultaneously suppress A®V and A® A operators for both up and down quarks.
The effect is especially important for heavy nuclei, where A® V and A® A operators can give
contributions of similar sizes to the direct-detection cross sections. An example for scattering
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Figure 6. Relative event rate in direct detection on a Xenon target for tan = 2/(sin ¢ + cos @) (left
panel) and ¢ = 7 (right panel) for Majorana DM with a vector mediator. The stars denote potentially
anomaly free models, which are studied in more detail in Ref. [104]. Plots reproduced from [104].

on xenon is shown in Fig. 6, with the two panels showing the dependence on parameters ¢

and 6, when varying one and fixing the other.

5.2 EFT description of DM—nucleon interactions

Instead of three flavor DM EFT, in which DM couples to quarks and gluons, one can also use
NR-EFT [77, 78, 80], in which DM couples to nonrelativistic nucleons, in order to parametrize
the unknown interactions of DM. That is, instead of performing the series of matchings shown
in Fig. 4, starting with the three flavor DM EFT, and then nonperturbatively matching onto
NR-EFT, followed by the calculation of nuclear response to DM scattering, one can just as
easily use NR-EFT directly as the starting point, given that the DM interactions are not
known yet. To leading order in the chiral expansion, DM only couples to single nucleon
currents, and thus the effective DM interactions take the form [77, 78, 80]

Ly =3 N (@O, (5.2)

where the interaction operators OY involve the non-relativistic DM and nucleons, with the
latter only entering in the form of single nucleon currents. The UV physics is encoded in
the coefficients c) where different UV models may match onto the same NR operators. For
instance, both vector and scalar mediators give rise to an operator 1, ® 1, where 1, (1y) are
the number operators for DM (nucleons). A single UV interaction may also result in several

nonzero ¢ (q).
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One main benefit of using NR-EFT is that the interactions are written trivially for any
value of DM spin. Moreover, because short distance scales below the nucleon radius are
integrated out, many different UV models can be subsumed into a smaller set of effective
couplings; for instance, several operators in the three-flavor DM EFT all lead to the spin-
independent operator in the NR EFT. Furthermore, the nucleon-level interactions are more
directly connected to nuclear response functions, which are determined by the internal struc-
ture of atomic nuclei. The nuclear response functions can be calculated once and for all, and
thus also the cross sections for DM scattering on nuclei, as long as the coefficients ¢ (¢q) are
given. The main drawback is that the cutoff of the NR-EFT is reduced compared to the
three-flavor DM EFT, or more complete UV models, and therefore it has a smaller regime
of validity; more over, the use of three flavor DM EFT makes the connection with the UV
models of DM more immediate. The coefficients ¢ (q) are ¢ dependent, and in a strict EFT
approach would be treated as a series expansion in powers of ¢ divided by the cutoff. However,
light fields such as the photon and pion that are below the cutoff, and should in principle
be included in the effective theory, might nevertheless be ‘integrated out’ for convenience,
in which case they can generate additional poles in the ¢ (g) coefficients. Taking c¥(q) to
be constant in interpreting the data (see, e.g., [105-111]) then captures only a subset of all
possible DM models. Alternatively, one can limit the discussion to just a subset of possible
DM interactions, for instance only to interactions that do not depend on nuclear spin, but
gain in describing all possible choices for DM spin.

5.3 Connecting to the UV

When connecting the results of direct detection experiments to the UV theory of DM several
different scales enter: the DM mass, m,, the scale of the DM-SM mediators, A, and, finally,
the standard model (SM) scales — the masses of the SM particles and the scale of strong
interactions, Aqcp. The hierarchy between these scales determines which EFTs constitute
the tower that connects the direct detection and UV scales, see, e.g., Fig. 4. The main goal is
to provide leading-order predictions for direct detection rates for any choice of a UV theory,
which requires constructing the EFTs for each self-consistent ordering of the EFT scales, as
well as for various DM spins and electroweak quantum numbers.

We emphasize that in particular cases electroweak corrections need to be included to
obtain the leading predictions, since they mix operators with very different non-relativistic
limits. Fig. 7 shows the effect of electroweak corrections for two examples of Dirac fermion DM
interactions of the type (X7,X)(@v*vsu; + div*ysd;), with i = 1,2, 3 the generational index,
and with DM an electroweak singlet (triplet) in Fig. 7 left (right). Fig. 7 left assumes flavor
universality. Without electroweak radiative corrections DM scattering is due to an interaction
term (xv,x) (@y*y5u + dy*vysd) with very small, both spin and velocity suppressed, nuclear
matrix elements (dashed lines). At one loop there is a top yukawa induced V ® V' operator
proportional to (ay/(4m))log(My /A) that results in much larger coherently enhanced rates
and more stringent exclusions (solid lines). Fig. 7 left assumes the dimension 6 operator
involves only couplings to the third generation in the UV. For A = 1TeV the radiatively
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Figure 7. Left: exclusions on DM mass for V ® A flavor universal O(1) couplings to quarks for
electroweak singlet Dirac fermion DM with dashed (solid) lines denoting exclusions without (with)
inclusion of RG running. Right: predicted inverse rates for V ® A operators with couplings of elec-
troweak triplet Dirac fermion DM to only third generation quarks where resummed RGEs are included
(blue) or not (red). Plots reproduced from [89, 100].

induced corrections from higher dimension V' ® A operator (blue) dominate by orders of
magnitude compared to the electroweak renormalizable interactions that enter at two loops
(red). Another illustrative example is electroweak triplet Dirac fermion DM with V ® A
couplings to only the first generation of quarks. The RG flow generates the (x7y.x)(uy*ysu +
dy"vsd) interactions that is enhanced by a quadratic logarithm a3 /(47)? log?(My,/A). That
is, even though the effect arises at second order in operator mixing, the induced interaction
gives the leading contribution to the scattering rate, larger than the original interaction by up
to two orders of magnitude for scattering on heavy nuclei. While the effect would correspond
to a two-loop correction in the “full theory”, the DM EFT automatically captures the leading-
logarithmic part of it. A full discussion of all radiative corrections relevant for dimension-six
interactions can be found in Ref. [100], see also Refs. [89, 91, 92, 112, 113].

6 EFTs for Table-top Direct Detection Experiments

Theoretical developments over the last decade have led to the realization that compelling
models of DM may have masses well below the weak scale. Meanwhile, new table-top ex-
periments targeting sub-GeV DM have been proposed and are under active development.
Sensitivity to lighter DM requires both sensors with better energy resolution and qualita-
tively new ideas. Conventional searches based on nuclear recoils have limitations: once the
mass of DM drops below that of the nucleus, the detection rate suffers from a kinematic
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suppression. We know, however, that condensed matter systems host a range of small-gap
excitations as well as gapless modes. They could enable efficient extraction of a large fraction
of the DM’s kinetic energy even for DM much lighter than a GeV. See Ref. [114] for a recent
review.

To bridge the condensed matter knowledge with DM detection ideas, calculations of ma-
terial responses to DM interactions are needed, with a combination of analytic and numerical
tools. In particular, EFT methods [115-120] are useful both for classifying DM interactions
and identifying condensed matter systems and excitations with favorable response to each
type of interaction, and for generally formulating calculations of DM detection rates to facil-
itate automation.

For example, electronic excitations in noble gas atoms and dielectric crystals can arise
from DM-electron scattering or absorption of bosonic DM coupling to electrons, and are being
actively searched for by several experimental collaborations, including XENON, SuperCDMS,
SENSEI, DAMIC, EDELWEISS. For general DM models, we can utilize the EF T framework
to make signal rate predictions in terms of a set of atomic/crystal response functions, which
are calculated from matrix elements of NR effective operators for DM-electron interactions
in the detector medium [117, 119, 120].

Direct detection can also proceed via production of collective excitations, such as phonons
and magnons, in the primary DM scattering process. To calculate the rate from the set of NR
effective operators (which form an expanded basis compared to the nuclear recoil case due to
in-medium violation of Galilean invariance), we match them onto lattice degrees of freedom
in the long wavelength limit, which include the number of ¥ = p,n, e particles contained in
each ion (INy), their total spin (Sy,), orbital angular momentum (L) and tensorial spin-orbit
coupling (L, ® Sy). These four types of couplings are referred to as crystal responses, as they
play an analogous role as nuclear response functions in the nuclear recoil EF'T calculation. In
the present case, these crystal responses enter the effective DM-lattice scattering potential,
which is then quantized in terms of phonon or magnon modes. In the simplest cases, phonon
excitations in a crystal proceed through (Ny) [121-124] and magnon excitations proceed
through (S.) [125]. More generally, all four types of crystal responses can lead to phonon
excitations in appropriately chosen targets, while both (S.) and (L.) can lead to magnon
excitations.

This EFT framework for direct detection with collective excitations [118] has been im-
plemented in a publicly available code PhonoDark [126], and provides theory support for the
ongoing experimental effort on phonon readout via e.g. transition edge sensors in SPICE and
HeRALD experiments [127]. It also sets up the stage for investigating other condensed matter
systems to identify new detector targets, a direction we look forward to further pursuing in
the future.
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7 Simplified mediator models for colliders

We have not yet observed any signals of DM being produced at colliders. This could be due to
DM being too weakly coupled to the SM or simply being too heavy. An interesting interme-
diate possibility is that DM is light enough to be produced at colliders, and has appreciable
couplings to other states, but interacts with the visible sector only through mediators that are
too heavy to be efficiently produced at the LHC. At low energies the DM interactions with the
SM are then described by an appropriate EF'T, where the heavy mediators between DM and
the SM particles were integrated out. Such an EFT based approach is ideal for interpreting
the results of DM scattering in direct detection experiments, in which the typical momentum
exchange, ¢ < 200 MeV, is much less than the mediator mass in most DM models, see Sec. 5.

The use of such EFTs to describe the results of LHC searches for DM, on the other
hand, is more suspect. The cross sections for DM production, induced by non-renormalizable
operators, grow with energy. For example, a dimension-6 operator operator of the form
(X7ux)(@7"q) is suppressed by 1/A?, where A is the NP scale. This then results in a DM
production cross section that scales as ¢ ~ E?/A*, and thus a large part of experimental
sensitivity at the LHC may well come from collision energies at which the EFT description
breaks down. There is an interplay between how precisely the SM backgrounds are predicted
and how much statistics the LHC experiments are able to gather, which then translates to
bounds on A. Typically, these are not stringent enough to be in the EFT regime, A > F,
except for a small region of parameter space where the mediator couplings are close to the
nonperturbative limit. In a very large part of the relevant parameter space the mediators
are instead light enough to be produced directly in pp collisions. It is thus much better to
interpret the bounds on DM production at the LHC by constructing the EFTs where the SM
is supplemented by both DM and the mediator — the so called “simplified models” [128-155].
The complete UV models of DM would contain further degrees of freedom, which are assumed
to be heavy and integrated out.

The simplified models differ in the assumed spin and the SM gauge quantum numbers
of the mediators. The most commonly considered simplified models are: the s-channel color-
neutral vector or axial-vector mediator, the s-channel color-neutral scalar or pseudo-scalar
mediator, and the ¢-channel color-triplet scalar or pseudo-scalar mediator [103, 145, 156—-160).
It is important that the simplified models satisfy the SM gauge invariance in order not to
arrive at spurious violations of unitarity in predictions for the cross sections. In some cases
this requires introducing more states beyond just the mediator. For instance, for a pseudo-
scalar mediator the community has endorsed the use of the simplest such choice: a two Higgs
doublet with a singlet pseudo-scalar that couples to DM (the 2HDM+a model). In some
instances it is also important to include electroweak radiative corrections when comparing
the results of LHC searches with direct detection results, see Section 5.3.

Phenomenologically, there are several qualitative differences between the use of EFTs
with and without mediators. Importantly, in the EFTs that include the mediators one is
able to capture the constraints on the UV models of DM which are placed by searches for
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mediators when these decay not to DM pairs but to other visible final states such as muons,
electrons, jets, etc. In many cases these are the most stringent constraints on the simplified
models that are otherwise missed in EFTs constructed by integrating out the mediators. In
simplified models one still needs to make a number of choices for mediator couplings when
interpreting the data (for instance, the flavor composition of couplings to quarks, whether
or not the mediators couple to leptons, etc). While simplified models assume minimal field
content, the freedom of choice for various couplings results in simplified models that are not
so very simple and thus capture many of the most important features of the full UV models.

8 EFTSs for DM self interactions

The Sommerfeld effect discussed in Sec. 4 can be relevant not only for dark matter annihi-
lation, but also for dark matter scattering. Self-interacting dark matter has received a great
deal of attention, in part due to its possible role in explaining the structure of galaxies on
smaller scales; see [161] for an extensive review. It is well-known that relatively long-range
forces, like Yukawa interactions mediated by a scalar or vector much lighter than the dark
matter particle itself, can lead to enhanced scattering at low velocity, which may be under-
stood by resumming ladder diagrams in QFT or by solving a non-relativistic Schrédinger
problem. For various studies of the Sommerfeld effect for Yukawa interactions, see [162-167].

Because self-interactions can involve important non-relativistic effects, it is appropriate to
match the underlying relativistic QF'T of self-interacting dark matter onto a non-relativistic
effective theory [13, 168]. This was first done for dark matter self-interactions in [169], using
the same classification of operators [170] that underlies the EFT for DM—nucleus scattering
discussed above. In the initial work along these lines, a detailed matching to the underlying
QFT was not carried out, which effectively meant that computations were being done in
potentials with additional (possibly strong) short-range scattering—an artifact of improper
matching, rather than actual physics. In particular, different early studies reached different
conclusions about whether dark matter scattering via the exchange of a pseudoscalar mediator
exhibits Sommerfeld enhancement. Because such models can arise in natural ways (e.g., with
the mediator being a pseudo-Nambu-Goldstone boson), it is important to assess whether
the Sommerfeld enhancement exists in this case and what the correct velocity-dependence of
pseudoscalar-mediated DM scattering is.

Recently, these calculations have been clarified via a simple new procedure for correctly
matching the predictions of relativistic QF T onto a non-relativistic Schrédinger problem. The
key idea is illustrated in Fig. 8 (reproduced from Ref. [171]). The nonrelativistic effective
theory is expected to break down at high momentum, and hence at short distances. This
makes possible a matching procedure where the non-relativistic EFT is defined only outside a
finite radius, e.g., a ~ 1/my. The tree-level QFT cross section at low velocities is matched to
the leading order Born approximation in non-relativistic QM. This matching can be achieved
by imposing a boundary condition on the wavefunction at the radius a. Subsequently, the
full nonperturbative solution in the non-relativistic EFT can be achieved simply by solving
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Figure 8. Illustration of the matching procedure from QFT to a non-relativistic Schrédinger problem
with boundary at small radius, reproduced from Ref. [171].

the Schrodinger equation at r > a with the correct boundary condition. The boundary
condition essentially arises from evaluating the Born approximation to the wave function in
the region r < a, which turns out to be finite for the effective potentials arising from tree-
level QFT (see also [172]). With this matching procedure, one can explicitly check that dark
matter scattering via a pseudoscalar mediator does not exhibit any Sommerfeld enhancement:
the tree-level QFT calculation is a good approximation to the solution to the Schrédinger
equation. This can also be understood by a study of the behavior of ladder diagrams, and
reinforces earlier claims of no Sommerfeld enhancement for pseudoscalar mediators [173]. The
new matching procedure can be applied to a variety of other problems, including dark matter
annihilation. Its extension beyond tree level would be an interesting target of further study.

9 Conclusions

The landscape of phenomenologically viable dark matter models is vast. It is often the case
that there can be a large separation of scales involved in relating such models to observables,
implying that effective field theory techniques could be relevant. This could be due to the
parameters of the theory, e.g. if the dark matter mass is much larger than the electroweak
scale. It could also be the result of the kinematics relevant to the observable of interest,
e.g. direct detection experiments are looking for non-relativistic collisions between dark matter
and nucleons.

The EFT paradigm provides a systematic approach for computing observables as a low
energy expansion. When viewed from the bottom up, it is a tool for characterizing the
allowed interactions among the propagating degrees of freedom. EFT is also useful from
the top down: in the presence of a large separation of scales, one can integrate out the
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heavy physics to derive an EFT Lagrangian which often simplifies calculations and can often
facilitate more sophisticated calculations that could not have been done using the UV theory
along. In particular, one can utilize renormalization group evolution to resum large logarithms
that appear when one calculates using the UV theory directly. Both of these themes play a
prominent roles in the work described above.

Clearly, the importance of applying EFT techniques to the DM question has led to
significant improvements in our ability to calculate processes that are relevant across a huge
range of experiments and observations. It additionally allows us to systematically classify
the possible types of interactions the DM can have with the Standard Model, so that we can
be systematic in our experimental approach. Further refinements and new ideas for EFT
applications in DM are an active area of research. EFT will continue to play a pivotal role
in the search for an experimental signature of DM.
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