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Abstract. We present the projected sensitivity to non-relativistic Effective Field Theory (EFT)
operators for Dark Matter (DM) direct detection using the QUEST-DMC experiment. QUEST-
DMC employs superfluid Helium-3 as a target medium and measures energy deposition via
nanomechanical resonators with SQUID-based readout to probe DM interactions. The experi-
ment aims to explore new parameter space in the sub-GeV mass range, probing light DM and
a broad range of interaction models. We analyse the sensitivity to a complete set of fourteen
independent non-relativistic EF'T operators, each parameterised by a Wilson coefficient that
quantifies the strength of DM interactions with Standard Model particles. For each interaction
channel, we determine the corresponding sensitivity ceiling due to attenuation of the DM flux
incident on the detector, caused by DM scattering in the Earth and atmosphere. As a key
component of this analysis, we provide the mapping between the non-relativistic EF'T operators
and the relativistic bilinear DM—nucleon interactions, and assess the interaction sensitivity to
sub-GeV DM in the QUEST-DMC detector. Our findings demonstrate that QUEST-DMC pro-
vides a unique probe of DM interactions, particularly in previously unexplored parameter space
for momentum- and velocity-dependent interactions, thereby expanding the search for viable
DM candidates beyond traditional weakly interacting massive particles.
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1 Introduction

Dark Matter (DM) is a significant component of the universe and plays a fundamental role in
cosmic evolution. Its gravitational influence has been essential in forming large-scale structures
and maintaining galaxies’ stability.

Traditional direct detection experiments have primarily focused on Weakly Interacting Massive
Particles (WIMPs) with masses above that of the proton. Despite extensive efforts, direct
detection of DM interactions in terrestial experiments remains elusive. This has led to increasing
interest in lighter DM candidates, particularly those with masses around or below the proton
mass. Various well-motivated theories [1-6] support this shift, driving direct detection searches
for sub-GeV DM scattering. This requires experiments with exceptionally low energy thresholds,
below the keV scale. As the recoil energy in DM-nucleus interactions is inversely proportional
to the target nucleus mass, low-mass nuclei are advantageous for detection.

The earlier work [7-9] introduced the fundamental principles of the Quantum Enhanced Super-
fluid Technologies for Dark Matter and Cosmology (QUEST-DMC) experiment that is searching
for sub-GeV DM. The experiment operates with a superfluid He-3 target at temperatures below
200 microKelvin, and employs nanomechanical resonators for detection, read out by SQUIDs.
The relatively light He-3 target facilitates both Spin-Independent (SI) and Spin-Dependent (SD)
interaction searches for DM, which allows for a comprehensive exploration of DM candidates,
particularly in the sub-GeV mass range.

QUEST-DMC is designed to achieve world-leading sensitivity to small SD DM-neutron scat-
tering cross-sections and to SI DM-nucleon interactions for masses below 0.025 GeV/c?. In
Ref. [10], we extended this analysis to scenarios with large DM interaction cross sections, ex-
ploring the experiment’s sensitivity limits and benchmarking its performance against competing
detection techniques. Here, we examine how these sensitivities vary across different interac-
tion types, parameterised within a generalised non-relativistic Effective Field Theory (EFT)
approach, following the theoretical frameworks of Refs. [11, 12], and using the conventions de-
scribed in Ref. [13]. In the context of non-relativistic EFT for DM, Wilson coefficients play
a crucial role in describing the interactions between DM and standard model particles. The
interaction Hamiltonian is expressed as
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where ¢] are the Wilson coefficients and O; represent the corresponding operators. The isospin
operators t and ¢! correspond to ¢® and o3, respectively, of the Pauli matrices.



This approach is more general than the standard SI and SD couplings typically reported
by experiments in the literature, incorporating momentum-dependent and velocity-dependent
operators. Within the framework of elastic DM He-3 interactions, which adhere to momen-
tum conservation and Galilean invariance, the operators can be distilled into six fundamental
Hermitian quantities:
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where Tx and Iy are identity operators acting on the DM and the target respectively. The
transverse relative velocity of the incoming DM particle and the target is defined as 7+ =
U+ ¢/2pyn, where ¥ is the DM velocity in the lab frame, ¢ is the momentum transfer, my is
the nuclear mass and p,ny = mymy/(my + my) is the DM-nucleus reduced mass. gx and Sy
denote the spins of the DM particle and the nucleus, respectively.

Combining these elements up to second order in ¢, we obtain fifteen independent and dimen-
sionless EFT operators. However, the operator O is omitted because it cannot arise in the
non-relativistic limit from a relativistic operator to leading order. Thus, the fourteen operators

are listed as [11, 12]:
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Each of these operators can in principle couple differently to protons versus neutrons (or equiv-
alently, to isoscalars versus isovectors); however, for He-3 in the case of SD interactions (S,) =
0, leaving only DM-neutron scattering.

2 Modelling

Using the profile likelihood ratio (PLR) framework developed in Ref. [7], we use statistical
inference to quantify the sensitivity of QUEST-DMC to identify or constrain the possibility of
DM interacting under a given EFT operator. A likelihood ratio test requires a good model of
both the null (background-only) and alternative (background plus DM interaction signal) to be
valid.

The differential event rate with respect to recoil energy, Er, induced by DM scattering in the
detector, can be written in the following form:
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where m, is the DM mass, p, = 0.3 GeV/c? is the local DM density, and f (%) is the DM velocity
distribution in the detector rest frame. The lower limit of the integral is set by the minimum
DM speed required to produce a recoil of energy Egr, given by vmin = (myFERr/ 2,ui N)l/ 2. The
velocity distribution f(7) is taken to follow a truncated Maxwell-Boltzmann profile, consistent
with the Standard Halo Model [14, 15].

In Eq. (2.1), W represents the spin-averaged squared matrix element for a given interaction.
It is obtained by averaging the squared amplitude |M|? over the initial spins and summing over
the final spins of the DM particle and the nucleon, according to
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This expression can be equivalently rewritten in terms of the coefficients ¢] of non-relativistic

EFT operator ¢ and nuclear response functions, where the velocity- and momentum-transfer

dependence is captured by form factors R[T/(ﬁ%2, q?/m%) as
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The quantities jx and j, are the spins of the nucleus and the DM particle, respectively. Con-
ventionally, 7,7" = 0,1 label the isospin indices, with 7 = 0 pertinent to the isoscalar and 7 = 1
to the isovector components.

The index k labels nuclear response types that characterise how a nucleus responds to DM
interactions [12]. For the He-3 nucleus, which has spin-1/2 and a relatively simple structure, the
relevant contributions come from the M response, associated with SI scattering, and from the
transverse and the longitudinal SD responses ¥/ and Y.

Accordingly, the following DM response functions RET/ are relevant for scattering with He-3:
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In Eq. (2.3), the nuclear response functions for He-3 [16] take the following form
SiT(y) = AfT e, (2.5)

with the non-zero coefficients, as
AW = AL = —AY = — AL = 0.0795775,
AR, = AL, = —AY, = — AL, = Al = 0.0397887,
A% = 0.358099,
A% = A9 = 0.119366, (2.6)



and y = (bg)?/4 is a dimensionless variable, with length parameter b = (8.2934/(9A~1/3 —
5A2/3)1/2 fm and A = 3.

The interaction can be rewritten in terms of contributions from proton (p) and neutron (n)

instead of using the isoscalar and isovector components, with the relations ¢! = %(cg + ¢}) and
¢l = %(C? - czl) This decomposition can be similarly applied to the DM and nuclear response
functions. In the general case, the DM response functions relevant to pp, nn, and np interactions

can be expressed in terms of the isospin components as
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with the upper signs corresponding to pp and the lower signs to nn, and with a similar structure

for S,:T/(y):

gpp/mn — g00 4 g1l 4 g0l 4 g0 gnr — g0 _ g1l (2.8)

Therefore, | M|? decompose into pp, nn and np in a generic form as
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Substituting the values specific to He-3 for SD interactions from Eq. (2.6) shows that the pp and
np structures vanish, leaving only the nn response to be non-zero, consistent with the nuclear
spin being primarily carried by the unpaired neutron.

While destructive interference between multiple non-relativistic operators can occur, we begin
by following the standard convention of assuming that one coupling dominates. In this single-
operator framework, all but one of the coefficients ¢]” — 0, with n, p for the neutron or proton.
These single-operator projections are not intended to represent UV-complete theories, but rather
serve as a clear benchmark for interpreting the detector response to different interaction types.

At low energies, DM interactions with Standard Model fields can be described either via a rela-
tivistic EFT involving couplings to quarks, gluons, and photons, or through a Galilean-invariant
non-relativistic EFT in terms of nucleons. In a UV-complete framework, each relativistic op-
erator typically matches onto a combination of non-relativistic operators rather than a single
term. In Section 4.1, we follow the conventions of Ref. [13] to detail the matching between
relativistic EFT operators and the corresponding set of non-relativistic operators. For a more
systematic connection to UV physics, one may consider a quark/gluon-level EFT framework
(see e.g. Ref. [17]), which goes beyond the nucleon-level approach adopted in this work.

Owing to the linear dependence of the differential rate on (c')2, we recast the non-relativistic
couplings in terms of point-like DM-neutron cross sections. For each single operator O; we
define 0§}, (v) as the total xn cross section in the nucleon (point-like) limit at fixed lab speed v,
with an angular average appropriate to isotropic elastic scattering and with the nuclear response
frozen at ¢— 0. In this convention, oy}, and oy, are the usual velocity /momentum-independent
SI and SD cross sections, while for ¢ # 1,4 the cross sections are explicitly velocity- and/or

momentum—dependent. With these definitions, the normalisations read:
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Here oy 5 811 are SI total cross sections and all others are SD. Angle brackets (--+) denote

ﬁxed—speed angular averages for isotropic elastic scattering (e.g. (v£2) = v%/2, (¢?/m%) =
2(ptyn/mn)?v?, ete.). Except for O; and Oy, the point-like yn cross sections scale with even
powers of the speed after this average, i.e. afgﬁ(v) x v? for 07.8,9,10,11,125 X v* for 03.5,6,13,145
and o< v® for O15. The predicted event rate follows Eq. (2.1), i.e. we fold ogi,(v) with the halo
speed distribution and the nuclear and DM response functions S (y) and Ry, from Eq. (2.4). For
012 the non-relativistic reduction yields a specific linear combination of spin responses, ¥’ and
¥, which gives the overall factor 7/(3 — 7Sy (0)); the interaction remains purely SD with no
interference with the SI response. For SI scattering, we assume isoscalar couplings, ¢ = ¢'. In
the SD case, only neutron couplings ¢ are considered.

3 Attenuation of the Dark Matter Flux

The QUEST-DMC detector is located at the surface, thus in addition to earth shadowing we
consider atmospheric attenuation of the DM flux incident on the detector as well. This phe-
nomenon becomes particularly relevant for large cross-section DM interactions, where multiple
scattering events modify the velocity distribution and reduce the number of detectable DM
particles [18-23]. A precise understanding of these effects is essential for accurate sensitivity
predictions in surface-based detection experiments.

The attenuation effect arises from the scattering of DM particles as they traverse the Earth
and its atmosphere. At sufficiently large cross-sections, the Earth becomes effectively opaque to
DM, halting particles arriving from below, so that the detectable flux is predominantly incident
from above after passing only through the atmosphere. The primary atmospheric constituents
affecting DM attenuation are Nitrogen-14 (N-14) and Oxygen-16 (O-16), which together make
up over 99% of the atmosphere by volume. For SI interactions, both N-14 and O-16 contribute,
while for SD interactions, N-14 is relevant.

To model DM interactions in the atmosphere, we adopt an exponential density profile:

nn(r) = no exp (—r _ RE) , (3.2)

H

where ng is the sea-level number density, Rg ~ 6371 km is the radius of the Earth, and the height
of the atmosphere H =~ 80 km. This model provides a realistic description of how atmospheric



density decreases with altitude, thereby influencing the probability of DM scattering before
reaching a detector.

The treatment of DM attenuation here assumes the straight-line path (SLP) approximation, in
which DM particles are assumed to travel directly through the atmosphere, continuously losing
energy, while never deviating from the SLP. This assumption is computationally efficient and
provides reasonable estimates for heavier DM particles, which undergo minimal deflection due
to their large mass-to-target mass ratio [22, 24]. For sub-GeV DM, a more accurate descrip-
tion is obtained using a diffusion framework which accounts for the effects of multiple random
scatterings. In this description, DM particles experience both energy loss and angular diffusion,
modifying the velocity spectrum at the detector [25]. Although the diffusion framework offers
a more rigorous treatment, the difference in projected sensitivity limits compared to the SLP
approximation is approximately a factor of two. For a detailed analysis, see Ref. [10], where we
show the ceiling for SI and SD interaction corresponding to the operators 07 and Oy, respec-
tively, calculating in both the SLP and diffusive frameworks. The SLP approximation provides
a sufficiently accurate sensitivity ceiling for our purpose here, though we note that diffusion
effects become important when precision constraints are required, particularly at low masses.

In addition to the M, ¥, and X" responses relevant for He-3, the atmospheric attenuation
calculation includes additional responses arising from the more complex nuclear structure of
atmospheric elements for some operators. These include the spin-orbit response ®”, the angular-
momentum-dependent term @', the orbital current response A, and interference terms such as
M®"” and AY'. The corresponding DM and nuclear response functions, R;T, and S,ZT/, are
incorporated for N-14 and O-16, allowing for a consistent evaluation of the interaction cross
section associated with each EFT operator, across atmospheric shadowing as well as scattering
in the detector.

4 Results

To project sensitivities for various interaction coeflicients, we incorporate the QUEST-DMC
detector response model described in Ref. [7] into the expected event rate for each operator.
This includes uncertainties from readout noise, fluctuations in quasiparticle production, and
shot noise, all bounded by the detector’s threshold energy. As in Ref. [7], an energy threshold
of 31 eV is assumed for the conventional readout with a cold transformer, and 0.51 eV for the
SQUID-based readout. The assumed exposure here is 4.9 g-day corresponds to five 0.03 g He-3
cells operated over a six-month cycle.

Fig. 1 shows the projected 90% C.L. sensitivity limits for canonical SI and SD interactions,
represented by operators O; and Q4. The left panel illustrates sensitivity projections for the
SD operator O4, compared to existing limits from Xenon 1T S2-only MIGD [26], CRESST
IIT (LiAlOg) [27], LUX [28], CDMSIite [29], PandaX-II [30], and EDELWEISS [31]. For the
SQUID readout, QUEST-DMC has sensitivity to exclude cross sections as low as 6.5 x 10724 cm?
under the straight-line path model and 3.3 x 10~2* cm? with the diffusion framework, within
the 0.04-0.07 GeV/c? mass range. By contrast, with the conventional cold transformer readout,
the sensitivity floor is 1 x 10724 ¢cm?, covering a higher mass range of 0.1-0.55 GeV/c? for both
propagation models. The right panel of Fig. 1 shows the projected 90% C.L. sensitivity for SI
interactions via operator Oi, alongside current limits from DarkSide-50 [32], XENONI1T [33],
and EDELWEISS [31]. The mass range probed is similar to that for O,.

Beyond these fundamental interactions, additional EFT operators probe different aspects of
DM-nucleon interactions. In Fig. 2, we present both the projected exclusion sensitivities and
the corresponding sensitivity ceilings for the non-relativistic EF'T operators. The top-left panel
shows the SI operators Og and 1, while the top-right panel displays the limits for the SI
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Figure 1. The QUEST-DMC 90% C.L. limits on the cross-section for velocity and momentum indepen-
dent operator O and O4 compared to the existing limits from Xenon 1T S2-only MIGD [26], CRESST
III (LiAlOs) [27], LUX (Xe) [28], CDMSIite (Ge) [29], PandaX-II [30] and EDELWEISS [31] for SD and
with existing limits from DarkSide-50 [32], XENONI1T [33], and EDELWEISS [31] for SI. The upper limit
sensitivity is given with the straight-line (SL) path and the diffusive (Diff) trajectories, depicted in red
and black, respectively. The dashed lines correspond to SQUID-based readout systems, while the dotted
lines denote conventional readout methods.
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Figure 2. The QUEST-DMC 90% C.L. upper and lower exclusion limits on the cross-section sensitivity
region for the non-relativistic EFT operators. The top panels show the SI operators Og 11 (left) and the
strongest lower limit for the SI operator Os (right). The bottom panels display the SD operators O7 19
(left) and Os ¢ (right). Operators Og and O;2 are omitted from the plot due to their near-degeneracy with
010 and O, respectively, in recoil spectra. These operators are numerically indistinguishable within the
detector sensitivity range. Similarly, O13 and O14 closely match O3 up to scaling, owing to their shared
dependence on both momentum and velocity. The dashed lines stand for the SQUID-based readout
systems, and the dotted lines for the conventional readout.
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ST and SD).

operator Os. The bottom-left panel presents the SD operators O; and Ojg, and the bottom-
right panel illustrates O3 and Og.

The SI velocity-dependent operator Og and the momentum-dependent operator Q011 yield cross
section constraints in the ranges ~ [10732 — 10726] cm? and ~ [1073! — 10722] cm?, respectively.
The results also constrain the largest cross sections for SI interactions, represented by the com-
bined velocity- and momentum-dependent operator Os, which lies within [1072° — 1072%] cm?.

The projected exclusion sensitivity for the SD velocity-dependent operator O7 and the momentum-
dependent operator O are within [1073! —10722] cm? and [1072° — 1072"] cm?, respectively. Si-
multaneous velocity- and momentum-dependent interactions are captured by O3 and Og, whose
lower-limit scale is larger than that of the SI operator Q5. The constraints span several orders
of magnitude, with the SQUID-based readout consistently achieving the strongest sensitivity.

The event rate hierarchy across operators is shaped by their kinematic structure. Opera-
tors like O; and Oy, free from momentum or velocity suppression, yield the strongest signals.
Intermediate cases, such as O7—019, include linear dependencies on either variable. Stronger
suppression occurs for operators like O3 and Og, involving products of velocity and momentum
or higher powers of momentum transfer. Oz, O13, and O14 also exhibit significant signal sup-
pression due to their mixed dependence. (15 remains the least sensitive operator due to its
extreme suppression. The left panel of Fig. 3 illustrates this extremal case of an SD operator
with suppression arising from both the squared momentum transfer and the transverse velocity.
Its recoil signature is significantly weaker than that of other operators, leading to exclusion limits
well above the rest of the EFT space. Atmospheric attenuation further reduces the high-velocity
DM population, making such a signal nearly undetectable even under favourable conditions.

Degeneracies arise between operators that produce similar recoil spectra, resulting in nearly
indistinguishable signals within the detector energy sensitivity range. In particular, operators
013 and Oy4 yield almost identical responses, while pairs such as Og and Oqg, and O7 and Oq9,
differ only by a small normalisation factor.

The right panel of Fig. 3 summarises the full range of cross sections probed for each EFT
operator using the SQUID-based QUEST-DMC configuration, together with results from the
literature. Horizontal bars indicate the span from the lowest projected sensitivity to the highest
excluded value, while a dashed line denotes the unconstrained upper limit for O;5. This shows
the breadth of EFT parameter space covered by QUEST-DMC, particularly in the low-mass
and suppressed-interaction regimes.
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Table 1. SI DM-—nucleon effective interactions with scalar, tensor, axialvector, and pseudoscalar currents
on the DM side (YI'x, where I' € {1, 75, v#4°, ic#"q,} denotes the corresponding Lorentz bilinear), and
scalar current on the nucleon side (NN). Operators are named according to the spinor bilinears before
momentum contractions. The terms enclosed in brackets in the second column represent momentum-
suppressed contributions arising from four-momentum insertions on both the DM and nucleon sides. The
normalisation and conversion to the non-relativistic basis match the results of Ref. [13].

4.1 Mapping Projected Sensitivities to Relativistic EFT Couplings

To connect experimental constraints to UV-complete models, we express the non-relativistic
EFT operators O; as low-energy limits of relativistic bilinear interactions between DM and
nucleons. This approach enables a broader exploration of DM—nucleon and DM—-neutron inter-
actions beyond the standard SI and SD interpretation. Tables 1-4 present the mapping between
non-relativistic EFT operators and the corresponding relativistic structures, expressed in terms
of Dirac bilinears YI'x for DM and NT'N for nucleons, where I', TV € {1, 4°, v#4°, ic"q,} rep-
resent scalar, pseudoscalar, axialvector, and tensor interactions, respectively. In these tables,
the bilinear combinations yield linear combinations or rescaled forms of the Wilson coefficients of
the non-relativistic operators; for example, an axialvector-axialvector interaction maps to |4 c4|
in the case of operator Q.

In classifying the relativistic interactions presented in Tables 1-4, we group operators according
to the spinor structure of the nucleon and DM bilinears (e.g., scalar, pseudoscalar, axialvector,
or tensor), regardless of the full Lorentz structure of the total bilinear product. For example,
terms involving momentum insertions such as K*(NN), which transform as a vector overall,
are categorised under scalar nucleon currents due to the presence of the spinor structure NN.

Table 1 lists operators generated by scalar currents on the nucleon side, combined with various
DM bilinears, including scalar, pseudoscalar, axialvector, and tensor structures. These combina-
tions primarily contribute to SI interactions. All momentum-dependent terms are normalised by
a reference mass scale, taken here to be the nucleon mass M = 0.938 GeV, ensuring dimensional
consistency across the operator expressions.

Table 2 presents operators arising from axialvector currents on the nucleon side, paired with
various DM bilinears. Table 3 focuses on pseudoscalar nucleon currents, which similarly lead to
SD-type structures. Table 4 summarises interactions involving tensor currents on the nucleon
side; combinations with scalar or pseudoscalar DM currents yield mixed operator types, while
axialvector and tensor DM currents contribute additional SD terms. All expressions are given
in a normalised form consistent with the conventions of [13].
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Table 2. Same as Table 1 but for SD interaction and axialvector current on the nucleon side (Ny*v°N).
Classification is based on the spinor bilinears only; momentum factors are treated separately. Our nor-
malisations match those of Ref. [13].
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Table 3. Same as Table 2, but with the pseudoscalar current on the nucleon side (N4°N) and normali-
sations match those reported in Ref. [13].

To obtain projected exclusion sensitivities on the full set of relativistic DM-nucleon cou-
plings, we construct the complete non-relativistic operator combinations corresponding to each
relativistic bilinear structure, following the standard mappings from Lorentz-invariant currents
to Galilean-invariant EFT operators, as summarised in Tables 1-4. These combinations typ-
ically involve multiple operators with distinct momentum and velocity dependencies and are
incorporated directly into the differential recoil rate calculation. Two sets of rates are com-
puted, one assuming unattenuated DM flux to determine the experiment’s projected sensitivity
floor, and another including atmospheric attenuation, which limits the flux of high-cross-section
DM and defines the sensitivity ceiling. The resulting spectra are then propagated through the
full profile likelihood ratio analysis pipeline, which accounts for detector response modelling,
energy threshold effects, and expected backgrounds. This procedure preserves the full kinematic
structure of each interaction and ensures that spectral features, such as recoil suppression from
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Table 4. Tensor bilinear on the nucleon side (No,,,¢®N) combined with scalar and pseudoscalar currents
from the DM side leads to mixed SI and SD operators, while axialvector and tensor on the DM side
correspond to SD operators (see Ref. [13]).
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Figure 4. Projected sensitivity to effective couplings for a range of DM—nucleon interactions classified
by the Lorentz bilinears in the relativistic theory, shown for the SQUID-based readout. Each panel
corresponds to a different class of nucleon bilinears: scalar (top left), tensor (top right), axialvector
(bottom left), and pseudoscalar (bottom right). The colored shaded bands span the region between the
lowest point of the projected coupling sensitivity and the highest point of the sensitivity ceiling. The
couplings are matched to non-relativistic EFT operators as detailed in Tables 1—4.

velocity- or momentum-dependent operators, and distortions arising from broad kinematic dis-
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Figure 5. Effective coupling ranges for DM-—nucleon and DM-neutron interactions, grouped by their
underlying relativistic bilinear types (SS, TS, AA, etc.) as defined in Tables 1-4. The couplings represent
rescaled Wilson coeflicients derived from the QUEST-DMC SQUID-based sensitivity projections shown
in Fig. 4. The vertical dashed line with right-pointing arrows indicates the region above the unitarity
limit.

tributions, are accurately captured. The inclusion of background expectations enables realistic
limit setting under finite exposure, particularly for suppressed interactions near the threshold.
Consequently, the projected limits on EFT couplings presented here reflect the detector-level
phenomenology of each interaction type, enabling direct comparison across operator classes and
consistent interpretation within UV-complete models.

Fig. 4 illustrates the projected sensitivity floors and ceilings on effective couplings for sub-GeV
DM interactions, covering the full set of interaction structures defined in Tables 1-4. We note
that for certain interactions, the corresponding non-relativistic operator scaling is indicated in
brackets in these tables, reflecting the same spinor structure but with additional momentum-
suppressed contributions from four-momentum insertions on both the DM and nucleon sides;
however these contributions are omitted from the plots as they do not represent independent
physical operators. The PandaX-II experiment [30] has placed lower bounds on effective cou-
plings for WIMP masses above ~ 5 GeV /c? which are not shown in Fig. 4 as our analysis focuses
on the sub-GeV mass regime.

Notably, the projected sensitivity floors presented here indicate that Lorentz structures involv-
ing tensor—scalar and scalar—tensor spinor combinations can lead to more stringent sensitivities
than the conventionally dominant scalar—scalar and axialvector—axialvector forms. The ten-
sor—scalar case arises from the combination of O; and Os (both SI), while the scalar—tensor struc-
ture maps onto a mix of @1 and O3, incorporating both SI and SD contributions. Across the sub-
GeV mass range, tensor—scalar interactions yield stronger projected coupling sensitivities than
scalar—scalar for DM masses above 0.1 GeV; for example, at m, = 1GeV/ c?, the tensor-scalar
limit is 3.0 x 107° GeV 2, compared to 7.7 x 10~° GeV 2 for scalar-scalar. Scalar—tensor spinor
combinations consistently yield tighter limits than axialvector—axialvector couplings, reaching
2.84 x 1075 GeV 2 at 1 GeV/c? versus 1.83 x 1073 GeV 2. This difference becomes more signif-
icant at higher masses. Among all interaction types, the pseudoscalar—pseudoscalar structure,
corresponding to the non-relativistic operator Og, exhibits the highest sensitivity ceiling, con-
sistent with the sharp cross-section growth in the low-mass region as observed in the lower-right
panel of Fig. 2.

A broader overview is provided in Fig. 5, which summarises the constrained effective coupling
ranges across all interaction classes. These are grouped by relativistic bilinear combinations,
such as scalar-scalar (SS), tensor-scalar (TS), axialvector-axialvector (AA) etc. The horizontal
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bars span the coupling range from the projected exclusion sensitivity floor to the sensitivity
ceiling imposed by atmospheric attenuation. Only results from the SQUID-based readout are
shown, as they represent the most stringent projected constraints.

The observed variation in coupling sensitivity across operator classes, in some cases as much as
two orders of magnitude, highlights the importance of a systematic and comprehensive mapping
between relativistic bilinears and non-relativistic EFT operators. Rather than relying solely on
conventional benchmarks such as SI or SD interactions, this framework accounts for all Lorentz
structures that can map onto non-relativistic operators with recoil spectra within the energy
sensitivity range of a given detector. These mappings help identify which interactions are more
likely to evade or dominate experimental sensitivity, depending on their momentum and velocity
dependence, thereby enabling a more accurate connection between low-energy phenomenology
and UV-complete theoretical models. However, in realistic UV-complete theories, it is uncom-
mon for a single relativistic DM—nucleon operator to arise in isolation. Interactions are typically
generated at the DM—quark/gluon level and, after hadronisation and matching onto nucleon-level
degrees of freedom, give rise to combinations of both relativistic and non-relativistic operators.
Our analysis in this section treats individual relativistic bilinears as a phenomenologically useful
intermediate step between the non-relativistic EFT framework and UV-complete models. A full
treatment, beginning with DM—quark/gluon EFT operators and their systematic matching onto
nucleons (see e.g. Ref. [17]), would more faithfully reflect the operator structure predicted by UV
completions. While such an approach lies beyond the scope of the present study, it represents a
promising direction for future work.

5 Summary and Conclusions

The interactions between DM and Standard Model particles are commonly formulated within
the EFT framework. EFT provides a systematic, model-independent approach to parametrising
all operators consistent with the relevant symmetries at a given energy scale, typically organised
by operator dimension. These operators may encode SI and SD interactions, as well as velocity-
dependent or momentum-suppressed terms, offering a broader and more general perspective than
traditional SI and SD analyses alone. By expressing DM-nucleon interactions in terms of EFT
operators, one can map UV-complete theories onto experimentally accessible observables, such
as recoil energy spectra and interaction cross sections. Constraints derived from experimental
data can thus be translated into upper bounds on operator coefficients, providing a robust and
flexible means of testing a wide variety of DM models.

Here we project the sensitivity of the QUEST-DMC experiment to DM interactions within
the framework of non-relativistic EFT, particularly in the sub-GeV mass range. Leveraging
the unique properties of superfluid He-3 and the precision of quantum sensing technologies, the
experiment is projected to achieve exceptional sensitivity to both SI and SD DM interactions.
The study explores fourteen independent EFT operators, parameterised by Wilson coefficients,
to characterise DM interactions with SM particles. Different operators correspond to differ-
ent interaction mechanisms, and mapping their constraints ensures that no viable scenario is
overlooked. We determine the corresponding sensitivity ceiling for each interaction channel as
a result of attenuation of the DM flux incident on the detector, affected by DM scattering in
the Earth and atmosphere. These ceilings represent the boundaries beyond which meaningful
exclusions are no longer possible.

The fundamental ST and SD interactions, represented by operators O; and Oy, define velocity-
and momentum-independent scattering. The exclusion limits for these operators compare the
sensitivity of QUEST-DMC with existing results. The upper bound of the projected 90% con-
fidence level in the SD cross section reaches 6.5 x 10724 cm? for the readout based on SQUID
under the SLP model. The corresponding SI exclusion limits extend down to ~ 7.5 x 10727 cm?
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within 0.025 — 5 GeV/c?. These results confirm QUEST-DMC’s ability to explore parameter
space beyond what has been achieved by existing direct detection experiments.

Beyond the fundamental interactions, additional EFT operators probe other aspects of DM-
nucleon interactions, with Og and 17 introducing SI velocity and momentum dependence,
respectively. QUEST-DMC provides exclusion sensitivity across multiple orders of magni-
tude. The highest lower limit on SI interactions is set by s, which incorporates velocity-
and momentum-dependent terms, while SD interactions are constrained for O7 and O7g. Simul-
taneous velocity- and momentum-dependent effects, characterised by O3 and Og, extend to a
larger scale than O5. Notably, O15 exhibits only a lower bound, as no upper sensitivity ceiling
is encountered within the explored cross-section range. In contrast, the remaining operators are
constrained within finite exclusion windows, bounded from below by the projected sensitivity
and from above by attenuation-induced ceilings.

We systematically express the constraints derived in this work in terms of relativistic DM—nucleon
couplings. This is achieved by matching each Lorentz-invariant bilinear interaction to its cor-
responding set of non-relativistic EFT operators, as outlined in Tables 1 to 4. The resulting
classification into four interaction categories reflects the organisation of relativistic bilinears ac-
cording to the spinor structure of the DM and nucleon currents, including scalar, pseudoscalar,
axialvector, and tensor terms. In particular, tensor-scalar and scalar-tensor spinor structures,
which map to combinations involving O, O3, and Os, produce projected sensitivities stronger
than traditional SI or SD scenarios, with coupling limits at m, = 1 GeV/c? reaching 3.0 x 107°
and 2.8 x 107° GeV 2, respectively. Below 0.1 GeV/c?, scalar—scalar interactions retain the low-
est coupling limits, although scalar—tensor remains more sensitive than other structures across
the entire mass range.

Overall, we show that QUEST-DMC will cover a large, yet unexplored parameter space of
fourteen Wilson coefficients, refining the landscape of DM interactions whilst including attenua-
tion of the DM flux in the earth and the atmosphere. These constraints serve as a crucial input
for the theoretical model building, guiding the development of viable DM candidates. Identify-
ing regions where constraints are weak can also reveal experimental blind spots, motivating new
detection strategies and guiding the development of viable DM candidates.
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