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DEAP-3600 is a single-phase liquid argon detector aiming to directly detect weakly interacting massive
particles (WIMPs), located at SNOLAB (Sudbury, Canada). After analyzing data taken during the first year
of operation, a null result was used to place an upper bound on the WIMP-nucleon, spin-independent,
isoscalar cross section. This study reinterprets this result within a nonrelativistic effective field theory
framework and further examines how various possible substructures in the local dark matter halo may affect
these constraints. Such substructures are hinted at by kinematic structures in the local stellar distribution
observed by the Gaia satellite and other recent astronomical surveys. These include the Gaia Sausage (or
Enceladus), as well as a number of distinct streams identified in recent studies. Limits are presented for the
coupling strength of the effective contact interaction operators O;, Oz, Os, Og, and O, considering
isoscalar, isovector, and xenonphobic scenarios, as well as the specific operators corresponding to
millicharge, magnetic dipole, electric dipole, and anapole interactions. The effects of halo substructures on
each of these operators are explored as well, showing that the Os and Og operators are particularly sensitive
to the velocity distribution, even at dark matter masses above 100 GeV/c>.

DOI: 10.1103/PhysRevD.102.082001

I. INTRODUCTION

An abundance of astrophysical and cosmological obser-
vations indicate that the majority of the matter in the
Universe is composed of nonbaryonic “dark matter” (DM)
[1,2]. Despite this evidence, there have been no unam-
biguous direct or indirect detection signals of DM inter-
acting with the Standard Model, and the particle nature of
DM is still unknown. One promising candidate is the
weakly interacting massive particle (WIMP) [3], which
may couple to nucleons at the weak scale or below and have
a mass on the order of 100 GeV/c?. Such particles are
predicted to produce low-energy (<100 keV) nuclear
recoils (NRs) on target nuclei, allowing direct detection
experiments to constrain the WIMP-nucleon coupling
strength [4].

The predicted rate R of observed DM particles scattering
in a detector to produce a recoiling target nucleus of energy
Ep is given by

dR Pr Py /00 o do ..
— =—-2¢(E D (7)) —d’7, 1
Ty = meelB) [ o) w0

where pr is the density of the target nucleus with nuclear
mass mr, p, is the density of the DM with mass m,,, f$(7)
is the Earth-frame velocity distribution of the DM, do/dEg
is the differential scattering cross section, v, is the
minimum DM velocity that can produce a recoil of energy
Eg, and e(Ey) is the efficiency for detecting NRs of energy
Eg. This equation can be used to predict the number of
events a direct detection experiment would expect to see
from a given DM model, which can then be used to
constrain such models.

This paper builds upon the analysis of DEAP-3600 data
presented in [5], in which a 758 tonne - day total exposure
was collected with 231 live days over the course of
one year. No WIMP-like events were observed in this
dataset. From these results, DEAP-3600 placed leading

constraints on elastic WIMP-nucleon scattering with an argon
target, excluding cross sections above 3.9x 1074 cm?
(1.5 x 107* cm?) for WIMP masses of 100 GeV/c?
(1 TeV/c?). These limits assume the standard halo model
(SHM) specified in [6] and hold for isoscalar, spin-
independent WIMP-nucleon interactions, with a massive
mediator described by a simple constant contact cross section.
The present analysis investigates how variations on these
assumptions, which particularly affect f®(7) and do/dEp in
Eq. (1), impact constraints on DM-nucleon interactions.

Recent observational and theoretical developments have
suggested that these standard descriptions of the DM halo
and particle interactions may be oversimplified and can
miss important features or risk misidentifying or over-
constraining a potential signal.

The European Space Agency’s Gaia space mission was
launched in 2013 with the goal of measuring the positions
and velocities of a billion Milky Way stars with unprec-
edented astrometric precision. Between Gaia’s second data
release [7] and data from the Sloan Digital Sky Survey
(SDSS) [8], a number of groups have identified rich
kinematic substructure in the local stellar distribution,
beyond the expected halo and disk stars. A local, aniso-
tropic component dubbed the “Gaia Sausage ” [9-11], or
“Gaia Enceladus” [12], has been robustly identified by
several groups as a likely remnant of a merger event with a
massive dwarf galaxy. Smaller, low- and high-velocity
clumps, shards, and streams have also been characterized
in the Gaia and SDSS data, as well as in prior surveys
[13-20]. While the direct implications of these smaller
structures on the local dark matter distribution is still
debated [21,22], it is widely accepted that an association
with the DM could imply important modifications of
the expected signal at direct detection experiments
[15,17,23-33]. Considering these uncertainties, the present
work explores constraints based on possible DM phase
space substructures correlated with observed stellar struc-
tures in the solar neighborhood.
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Theoretical developments throughout the past decade
have also highlighted the importance of considering DM-
nucleon interactions beyond the standard spin-independent
and spin-dependent interactions. Two-to-two interactions
generically yield cross sections that depend on the Lorentz-
invariant Mandelstam s, ¢, and u kinematic quantities.
In the nonrelativistic elastic-scattering limit, these inter-
actions translate into a dependence on the relative velocity
and transferred momentum. While many supersymmetry
(SUSY) models predict scattering amplitudes that are
dominated by a constant term, cancellations or long-range
forces can allow terms that vary with momentum transfer or
DM velocity to dominate. Such interactions may also
dominate under more general frameworks, depending on
the nature of the mediator. These interactions can be
generically parametrized in terms of a now-standard set
of nonrelativistic effective operators (NREOs, also called
NREFT operators) [34-37], for which the nuclear scatter-
ing cross sections depend on exchanged momentum,
relative velocity, as well as nucleon and DM spins, and
isospin coupling. Because nuclei couple differently to
different operators, such an approach can highlight the
complementarity between different detector techniques and
materials [38]. For instance, certain (isospin-violating)
combinations of proton and neutron couplings can lead
to a suppressed signal in xenon [39-41]. Effective operator
interactions have previously been considered in analyses
of SuperCDMS [42], XENON100 [43], CRESST [44],
XENONIT [45], and DarkSide-50 [46].

Recently, the effects of the Gaia Sausage on a future
xenon-based experiment were examined for several
NREOs [47]. This study showed that the velocity distri-
bution of the Gaia Sausage led to lower momentum
transfers—and therefore reduced sensitivities, except at
higher DM masses, where an increase in recoils below
5-10 keV could yield a slight improvement in sensitivity.

The present work employs DEAP-3600 data and con-
siders a broad range of possible isospin properties and
mediators, along with the simultaneous effects of potential
kinematically distinct halo substructures that may vary
from the SHM.

This article is structured as follows. Section II provides
a brief description of the detector and the event
reconstruction. Section III describes the halo substructures
and DM-nucleon operators under consideration. Section [V
details the implementation of the models and analysis.
Section V provides the resulting limits from this analysis,
and Sec. VI discusses the implications.

II. THE DETECTOR

DEAP-3600 is a DM direct detection experiment located
2 km underground at SNOLAB, in Sudbury, Canada. The
detector is described in detail in [48].

The active volume of the detector consists of
(3279 +96) kg of liquid argon (LAr), contained in a

5 cm-thick acrylic vessel (AV). This volume is viewed
by an array of 255 inward-facing Hamamatsu R5912 HQE
low-radioactivity photomultiplier tubes (PMTs), which are
separated from the AV by 45 cm acrylic light guides (LGs).
The top of the AV opens to the neck, through which the
detector was filled. The detector sits inside a water tank,
which acts as a shield against external radiation and a
Cherenkov muon veto.

Pulse shape discrimination (PSD) forms a cornerstone of
the DEAP-3600 analysis by separating slower scintillation
pulses due to electronic recoils (ERs) from faster signals
induced by NRs [49,50]. NRs may be caused by rarer
interactions from neutrons and a particles or by DM
scattering on an “°Ar nucleus. They therefore constitute
candidate signal events. ERs, on the other hand, constitute
the majority of the backgrounds, mostly coming from
p-decays of 3°Ar, which is naturally present in DEAP-
3600’s atmospherically derive LAr at a concentration of
(0.95 +0.05) Bg/kg [51,52]. The ER backgrounds are
discussed in more detail in [53].

The PMT calibration and characterization, discussed in
[54], provides input to a photoelectron-counting algorithm,
which removes afterpulses, following the method in
[55-57]. This algorithm improves the energy resolution
and efficiency of PSD.

The energy region of interest used in this analysis spans
the range 50-100 keV,,, where keV, denotes energy
deposited in nuclear recoils. The NR acceptance in this
region is illustrated in Fig. 1. ER backgrounds are removed
by the Fomp cut. Backgrounds induced by Cherenkov and
a-decays in the detector neck are moved by an additional
Forompt cut and the background rejection cuts, and neutron-
induced and surface backgrounds are removed by fiducial
cuts. After applying PSD and background rejection cuts,
the NR acceptance starts at 0% at 50 keV, and reaches an
approximately constant value near 25% above 68 keV,,

Energy [keVnr]

10020 % 70 8 _ % _ 10
90 f Farompt CUt (Nigh upper bound) 3
~ 80¢ o Gt (015 HEEK 6 BVeTits)
& 70
8 60
§ 50
§ 40 /Ae ckground:rejection cuts (in fid: mass)
2 30 F Fiducial-cuts (Q')Ai’)ﬁ !(g)
20/ Foromnt F background rejection cuts]
10 F :
0 E ]
100 120 140 160 180 200
Photoelectrons detected
FIG. 1. WIMP acceptance, broken down by cut type. The total

acceptance is from the Fp o + background rejection cuts and
the fiducial cuts. From [5].
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within the (824 + 25) kg fiducial mass. Additional details
about the analysis are discussed in [5].

III. MODELS

Variations in astrophysical and particle physics models
describing DM are considered in this analysis, as manifest
in the f®(7) and do/dEg terms in Eq. (1), respectively.
Since Eq. (1) depends on the product of both terms,
simultaneous variations of both models may introduce
distinctive behavior. This section describes the models
considered in the present analysis.

A. Nonthermal halo components

The SHM assumes an isotropic thermal distribution for
DM in the “round halo” of the Milky Way. This distribution
is described by a Maxwell-Boltzmann distribution with a
cutoff at the Galactic escape speed, given in the Galactic
rest frame by

1 - _LFR /62 -
%?{M(v) = Nsum X € 27170 ®(Uesc - |U|)’ (2)

where Ngyy is a normalization constant, ©(x) is the
Heaviside step function, v is the Galactic escape speed,
and o, is the DM velocity dispersion. In the case of an
isotropic Maxwellian distribution in a central potential, this
is related to the local standard of rest velocity 7y, via

60 = |Uy|/v/2. The velocity of the Earth in the Galactic rest
frame is given by Ug = 0y + Ug + Ugy", where Ug is the
Sun’s peculiar velocity and 7" is the velocity of the Earth
relative to the Sun. As in Ref. [17], the value on March 9
was chosen, which approximates the time-averaged speed
distribution. The values for these parameters used in this
analysis are summarized in Table I. It is worth noting that
other authors have suggested modified versions of this
model [6,31].

Recent astrophysical observations indicate that the
local DM halo is more complex than is implied by a

TABLEI. Parameters describing the SHM used in this analysis,
denoting the local DM density p,, Earth’s velocity relative to the
Sun 7g" (chosen as the value on March 9 to approximate the
time-averaged speed distribution), the modal velocity of the local
standard of rest at the Sun’s position in the Milky Way 7, the
Sun’s peculiar velocity 7 with respect to %, and the escape
speed of the Milky Way v, respectively. Vectors are given as
(v,, v9, v4) With r pointing radially inward and ¢ in the direction
of the Sun’s motion.

Parameter Value Reference
P, 0.3 GeV/(c?cm?) [58]
1‘%‘“ (29.4,-0.11,5.90) km/s [17]
Vo (0,0,220) km/s [6]
Vg (11.10,12.24,7.25) km/s [15]
Vese 544 km/s [59]

Maxwell-Boltzmann distribution, as evidenced by kine-
matically and spatially distinct stellar populations, which
likely arose from mergers and accretion locally in the
Galaxy. Simulations indicate that such events may lead to
similar substructures in the DM phase space distribution
[32,60]. Proposed structures range from cold components
like corotating DM disks [61] to hot components like in-
falling extragalactic DM, near 7. [25].

Recent observations from the Gaia survey provide
evidence of such substructures that may be in the local
halo. These observations are often enhanced with addi-
tional information from cross-matched observations of the
SDSS, which together form the SDSS-Gaia catalog. The
substructure classifications used in [32] are adopted here,
based on whether the structures are spatially or kinemat-
ically mixed with the SHM. This classification includes
three categories: (1) relaxed halo, spatially and kinemat-
ically mixed; (2) debris flows, spatially mixed but kine-
matically distinct; and (3) streams: distinct in both space
and velocity. Stellar substructures of all three types have
been observed in the Gaia data, and simulations indicate
that the relaxed halo and debris flow stellar populations
likely act as tracers for similar DM structures. Stellar
streams were also found to trace DM streams, though
the correspondence is less strong due to spatial differences
between both populations [32]. Furthermore, there may be
differences in the relative abundance of stars and DM in
these substructures, as stars are more tightly bound toward
the center of a galaxy than DM is. This difference may
render DM more readily accreted than stars, and the ratio of
accreted stellar to DM mass can vary significantly [32].

1. Debris flows and streams

This analysis considers various DM velocity distribution
functions (VDFs) that may arise due to halo substructures.
These substructures are motivated by observed stellar
structures. In the case of debris flows, the stellar populations
provide strong evidence of a similar DM population. For
streams, the correlation between stellar and DM populations
is weaker [32]; observed stellar streams motivate the
kinematics of similar DM substructures, but the true proper-
ties of the underlying DM streams are less certain.

Because of these uncertainties, results are presented for
wide ranges in the overall contribution of each substructure.

For DM streams, galactic-frame VDFs are modeled
following the prescription used in [17] as

FER(E) = Ny X exp | =(7 = () %5 (7 = ()|
XG)(Uesc - |§|)v (3)

where N, is a normalization constant for the given
substructure, (%) is the mean velocity of DM particles
in the stream or debris flow, and 6, is its dispersion tensor.
Since DEAP-3600 is not sensitive to direction, only the
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total spread in the DM speed and the fraction of the redshift of z <3 [11,60]. The VDF is best fit with a
particles’ velocity that is parallel to the Earth’s velocity bimodal distribution comprising two Gaussian distri-
affect potential signals. For simplicity, o, is therefore butions. Reference [19] showed that this structure
taken to be diagonal. appears to extend all the way into the Galactic plane,
The total VDF for all DM in the halo is given by suggesting that it should be correlated with local
substructure in the dark sector. The single-Gaussian
F@) = (1= 1) - S (D) + - S0, (4) parametrization in [17] and the directly inferred
(bimodal) VDF presented in [60] are considered.
where 7, is the fraction of DM that is in the substructure. (b) The S1 stream is a counterrotating (retrograde) stellar
Equation (4) ensures that the fotal local DM density p, stream, likely from a progenitor with a stellar mass
remains fixed, as it is independent of any substructure in around 10°~107 My, potentially related to the w Cen-
phase space distribution. tauri globular cluster [13] or the Fornax dwarf spheroi-
A number of stellar streams have been identified in dal galaxy [14]. Evidence suggests that the stellar
astronomical measurements; in these cases, these observed component passes through the local neighborhood,
streams are used to motivate values for (¥y) and 6y, potentially indicating a significant local DM compo-
Streams considered are discussed below and listed in nent, as well [15]. The VDF used for this stream is
Table II. The effects of each stream on the WIMP exclusion described in [17], and it is represented by G2 in Table II.
curves were studied, and streams with similar effects were (c) Nyx is a corotating (prograde) stellar stream, lagging
grouped together. behind the Sun by ~80 km/s and appearing to
The following substructures are considered: intersect the solar neighborhood [18]. This stellar
(a) Gaia Sausage, also known as the Gaia Enceladus [9] stream may indicate a similar DM stream, which is
or GRASP [22], likely results from a merger event described using thcf parametrization in [19]. Nyx is
with a massive dwarf galaxy (~5 x 10" My) at a represented by G6 in Table II.

TABLE II. Summary of substructures considered in this study. The mean velocity vector for each galactic-frame VDF is given as
(Tsub) = ((v,), (vg), (v,)), and the dispersion tensor is defined as 6, = diag(c,,, 64, 6,,4). The mass fraction of the local DM in each
substructure is 77y,; the total DM density is kept constant at p, = 0.3 GeV/ (c? cm?). Streams and in-falling clumps are arranged in
groups based on similar effects on exclusion curves; these groups are denoted by GN, where N = 1-6. Two models of the Gaia Sausage
are considered, as described by [17,60]. For Gaia Sausage (Necib et al.), the numerical VDF provided in [60] was used, and the values
describing (V) and 64, are quoted for comparison. For all other substructures, the listed parameters were used as input to Eq. (3).
Values are given as described in the references. Where numbers were given with quoted uncertainties, the central value was used; where
ranges were provided, the midpoint of the range was considered. ICs are given as “IC (a, |7|)” and are defined as described in Eq. (5),
with o)) = 30 and 6, = 50 km/s. Substructures chosen to represent each group are marked with *. To model Koppelman 1 and Helmi
VDFs, the central value of the dispersion components was used.

Uy Vg Vg |6rr| |O-99| |6¢¢|
Substructure Type Reference (km/s) (km/s) Nsub
Gaia Sausage (Necib eral) Debris flow — [60]  +147172 28512 27.9428 113.673] 65211 61925 0-0.70
Gaia Sausage (O’Hare et al.) Debris flow [17] -8.2 0.99 25.7 158.9 80.9 61.5  0-0.70
Gl Koppelman 1° Stream [19] -169 =59 =375 11-37 3-16 628 0-0.30
IC (7,400 km/s) IC 0 0 —400 354 354 30 0-0.30
G2 Ss1* Stream [17] -29.6 =728 2974 82.6 58.5 269  0-0.30
Koppelman 2 Stream [19] 213 161 —226 52 18 29 0-0.30
IC (7,300 km/s) IC 0 0 -300 354 354 30 0-0.30
G3 IC (7,200 km/s)" IC 0 0 200 354 35.4 30 0-0.30
IC (5.400 km/s) IC 282.8 2828 0 21.2 21.2 50 0-0.30
G4 1IC (%,300 km/s)* IC 2121 2121 0 21.2 21.2 50 0-0.30
G5 Helmi® Stream [19] 29 —-287 141 37-83 6-21 4-15  0-0.30
IC (5.200 km/s) IC 1414 1414 0 21.2 21.2 50
G6 Nyx* Stream 18] 156.8%2) —1.4735 141.0'33 469717 709725 52578 0-0.30
IC (0, 400 km/s) IC 0 0 —400 354 354 30 0-0.30
IC (0, 300 km/s) IC 0 0 —-300 354 354 30 0-0.30
IC (0, 200 km/s) IC 0 0 —-200 354 354 30 0-0.30
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(d) The Helmi stream is a significant stellar stream
identified in the solar neighborhood in several galactic
surveys, and it may indicate a similar substructure in
the local DM halo [23]. Simulations favor an origin
from a merger event with a ~108 My dwarf galaxy
around 5-8 Gyr ago [20]. The parametrization used for
these studies is from [19], which identifies “Group I”
with the Helmi stream. In Table II, it is represented
by G5.

(e) Koppelman 1 and Koppelman 2 are a pair of stellar
streams identified in the solar neighborhood, first
identified in [16]. They appear to be from relatively
recent accretion events. In this study, these streams are
parametrized using the values given in [19], where
they are referred to as “Group II” and “Group IIL.” In
Table II, Koppelman 1 and Koppelman 2 are repre-
sented by G1 and G2, respectively.

2. In-falling clumps

A generic model of “in-falling clumps” (ICs) is consid-
ered, describing extragalactic DM accreted into the
Milky Way, not described by the observed stellar streams.
Such ICs have been proposed by a number of authors
[24-30,62] and may arise from past merger events or
from intergalactic DM continually falling into the
Milky Way, as motivated by models of hierarchical
Galaxy formation. To investigate the effects of ICs,
galactic-frame VDFs are modeled using Eq. (3), with mean
velocity () = ((v,). (vg). (v,4)) and dispersion tensor
o = diag(o,,, 699, 6,4,4) given in galactocentric spherical
coordinates, with r pointing toward the center of the
Galaxy, 8 describing the zenith angle, and ¢ oriented with
the disk rotation, and components given by

(vy) = |V] cosa,
1.2 .
(1)) = (1) = =Tl sina,

Opp = O cosa + o, sma,

1 .
6, = 06gg = —= (o) sina — o, cosa),
00 \/i( I fl )

where | 7| is the magnitude of the mean velocity vector, a is
the angle between this vector and the motion of the Earth,
o, is the dispersion of the IC parallel to the Earth’s velocity,
and o is the dispersion in the perpendicular directions.
To reduce the number of parameters, components of
(Ugup) and 6, that are perpendicular to the Earth’s motion
are set equal to each other. While this equality is not
guaranteed for a generic VDF, a temporally averaged direct
detection experiment insensitive to recoil direction is only
sensitive to a DM particle’s speed and the fraction of the
velocity parallel to the Earth’s motion. Changing the

velocity division between the r and ¢ directions has a
negligible impact on the resulting exclusion curves.

ICs were considered with all 27 combinations of
a€{0,7/2,x}, |v] € {200,300,400} km/s, and o) €
{10,30,50} km/s, with ¢, fixed to 50 km/s, chosen as
a typical value from the range of streams considered in
Table II. The three values chosen for a correspond to ICs
that enter the Galaxy in prograde, perpendicular, or
retrograde directions. Total speeds below v, were con-
sidered, with the understanding that some energy would be
lost to dynamical friction as the ICs accreted into the
Galaxy. Values for o) were investigated less than or equal
to o, under the assumption that, as streams become
elongated, their phase space density is approximately
conserved following Liouville’s theorem, and the streams
become correspondingly colder.

3. VDF groupings

To reduce the number of exclusion curves drawn,
substructures with similar VDFs were arranged into groups.
To determine the optimal grouping, sample exclusion
curves were drawn for the O; and Os operators (discussed
in Sec. III B) assuming each substructure is present at the
maximum relative density considered. Curves for ICs and
streams naturally formed groups with similar behavior to
each other. One representative VDF from each group was
then selected to be used for the full analysis, presented in
Sec. V. These groups are summarized in Table II.

For the ICs, varying o) in the range considered had very
little effect on the exclusion curves. Therefore, only ICs
with ¢/ = 30 km/s are further considered. Similarly, all
prograde ICs had nearly identical results; this is due to the
fact that their mean velocity in the Earth’s frame gave DM
particles too little kinetic energy to produce a signal in the
WIMP-search region of interest.

In [17], it is argued that streams may contribute up to
20% of the local stellar population. Given the weaker
correlation between stars and DM in streams, it is possible
that the observed stellar substructures under- or overrep-
resent the underlying DM populations, and so possible
relative densities 7, are evaluated in the range 0%—-30%.

Two proposed VDFs describing the Gaia Sausage are
considered: Necib et al. [60], for which the numerical VDF
was obtained from [63], and O’Hare et al. [17] (first
described in [31]), which provides the parameters quoted in
Table II. These two descriptions significantly differ in their
suggested values for 74, In [60], the authors arrive at
Ny = 42735%, Ref. [31] proposes that 7, = 20 & 10%,
and a best-fit value of 7y, = 61% is obtained in [17],
comparing the relative weights of the Sausage and round
halo components. To cover the full range of possibilities,
Neup 18 considered in the range 0%—70%.

All of the VDFs under consideration are shown in Fig. 2,
for comparison. VDFs with similar impacts on exclusion
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FIG. 2. Velocity distributions modeled for this analysis, arranged into groups, including two Gaia Sausage models. The first
substructure listed in each group marks the chosen representative in Table II. The color gradient indicates the relative DM density in each
substructure, varying from 0% (light) to 30% (dark), with the exception of the two Gaia Sausage models, which go up to 70%. The solid

black line corresponds to the SHM.

curves are given the same color and grouped together as in
Table II.

B. Effective operators

The NREO approach (or nonrelativistic effective field
theory, NREFT) is a method of parametrizing the set of
possible contact interactions governing DM-nucleon inter-
actions that may arise from a full theory of dark matter
[34,35,64—-66]. Chiral effective field theory (chiral EFT)
provides an alternative approach, accounting for one- and
two-body currents, described in [37,67]. One-body currents
described by chiral EFT can be mapped to NREFT
operators and are therefore included in this framework;
two-body currents are not considered in the present
analysis. The NREFT Hamiltonian can include terms that
couple coherently to the nucleus and the DM, as well as to

the DM spin S , the nucleon spin S’N, the exchanged

momentum ¢, and the component 7, of the relative
velocity 7, that is orthogonal to ¢,

Y
—~

@)}
~—

such that

-

—~

7)

5J_ = Z;rel - ’
2mN

where 7, comes from Eq. (4) boosted to the Earth frame
and my is the nucleon mass.

By convention, the set of scalar combinations of these
vector operators is labeled as ;. The dimensionful
couplings to each operator are denoted as ¢}, where 7 €
{0, 1} represents the isoscalar and isovector components,
respectively, i denotes the NREO index, and subscripts y
and N refer to operators acting on DM and nucleons,
respectively.

O, is the standard spin-independent (SI) interaction,
where DM coherently scatters with all nucleons; O, =

S')X . §N is the spin-dependent operator, which gives cross
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sections proportional to the total nuclear spin J, which is zero
for “°Ar. Operators that can lead to NRs with “°Ar are [35]

O] — 1){1]\/,

O3Zi§N' (mix’l_jj_>7
N

Oy =S, 7,
= g

O, =iS, - —,

11 leN

012:5L'(§1X§N)7
d\[e .=\ @

05 =(S 1) [Guxin L] @)
my N

Operators that depend on §N can still lead to scattering
on “°Ar. For example, O; is sensitive to spin-orbit coupling,
rather than nuclear spin.

Following the prescription used in [35-37], the operators
in Eq. (8) give rise to the DM-nucleus scattering cross
section, which is factored into DM response functions
R (12, ¢%) and nuclear response functions Wi (¢%), with

|§;(| = 1/2’

do 2mT o -
dEx - 0% Z{RM (V1. ¢)Wi; (¢%)

q T TT
+— [RE. (11, )W (4%)
My

+R%,, (13, q

W) )

Ry (v1.q%) = cicf +
RTT

RTT

The present analysis places limits on couplings
to Oy, Oz, Os, Og, and O;;, considering only one
coupling at a time. O, and O,5 are not included, since
ineffective field theories they always arise in combina-
tion with other operators that will dominate the scattering
process [66]. Furthermore, for certain models leading to
019> O11, and Oy, loop contributions to the neutron
electric dipole moment lead to constraints that are orders

e
2 v ciet + vd el +L
N

T/
12~ C15> (C 12

2 /
S Ats (10)

2 Ut
(D,,(vl,q ) = 4"2 c3c3 + 5= <c

T

Ans
o (V3. g%) = el +]7*<J§ ) <c12

only including terms that are nonzero for “°Ar. The
Wi (%) terms are computed in [36] using nuclear shell
model techniques [36,37] for each interaction with *°Ar.
They are given as best-fit polynomials. Subscripts k =
M, ®", M®" represent different one-body multipole oper-
ators in the nuclear matrix element. M is the standard
spin-independent nuclear response, which describes the
nucleon density inside the nucleus. It coherently sums over
all nucleons and closely resembles the Helm form factor. At
zero-momentum transfer, ®” is related to the angular

momentum and spin (Z . §) of nucleons. It favors heavier
elements with large, not fully occupied, spin-partner
angular-momentum orbitals. It can be of the same order
as the M response for heavier elements.

The accuracy of the nuclear shell model used to compute
Wi (%) and the implications for nuclear structure factor
calculations are discussed in [37]. In these studies, it is
shown that the hierarchy of states and low-energy observ-
ables such as the charge radius are well reproduced for
several nuclei, including *°Ar. The authors of [37] conclude
that nuclear shell model uncertainties are not expected to
have a significant effect on the ground states involved in
WIMP-nucleus scattering. Furthermore, comparisons
between W99 (4?) and the experimentally motivated Helm
form factor suggested in [58] show that both form factor
calculations agree to within 0.5% in the energy range of
interest to the present study. Uncertainties in the nuclear
response functions derived from the nuclear shell model are
therefore assumed to be negligible in this analysis.

The Rz" terms are calculated in [35,36] and depend on
the coupling strengths of the operators in Eq. (8). Keeping
only the terms that contribute for 40Ar, these response
functions are given in Eq. (10),

7
7
7 CLCh )
N
2 /
q T
—Lc

|
of magnitude stronger than those from direct detection
experiments [68].

The standard isoscalar SI interaction ), discussed in
[5], relies only on the coupling constant ¢, and the
response function R W% (g?) is comparable to the square
of the Helm form factor [58].

Results of the present study are presented in terms of an
effective DM-proton cross section
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o, =" , (11)

where ¢ = (¥ + ¢!)/2 is the effective DM-proton cou-
pling and p, is the DM-proton reduced mass. Note that,
although Eq. (11) does not explicitly depend on the
coupling to neutrons ¢ = (¢ —¢})/2, limits placed on
o, implicitly depend on the value of ¢}. Unless explicitly
specified, ¢! = cf , corresponding to isoscalar (c} =0)
couplings.

Even though Eq. (11) gives the standard ST DM-nucleon
cross section for Oy, it does not necessarily correspond to a
physical cross section for all possible interactions. This
relation is used because it allows for a direct comparison
between operators and experiments, and it gives a one-to-one
correspondence to couplings in an effective Hamiltonian.

1. Isospin violation

As mentioned above, the NREFT framework allows for
general isospin couplings: ¢? corresponds to the isoscalar
(IS) coupling, while ¢! would be an isovector coupling (IV).
Varying the ratio of c!/c%—or equivalently c//cf—can
lead to different DM-nucleus couplings to different elements
and isotopes. Isospin-violating DM has been considered as a
way to reconcile disparate experimental results and arise, for
example, in non-WIMP SUSY DM models [69]. While
typical direct detection results only report limits on IS
couplings, other couplings are also possible.

The present analysis considers IS (¢} = ¢!) and IV
(c} = —cf ) scenarios, as well as xenonphobic (XP) inter-
actions c¢’/c¥ = —0.7. Since the strongest SI limits on
DM-nucleon scattering are currently from xenon-based
experiments, it is worth examining the parts of parameter
space that would not yield a strong signal in xenon. The
scenario was proposed [39,40] as a way to explain potential
direct detection anomalies in light of the strong bounds
from XENONI100 [70] and LUX [71]. A number of
theoretical models have been built that can result in such
isospin-violating interactions. These include interference
between two distinct portals to the dark sector [72], new
colored mediators [73], string theory-motivated Z' portal
scenarios [74], a two-Higgs doublet portal model [75], and
the coupling resulting from the symmetry breaking of
gauge groups in grand unification theories [76].

In [41], it was shown that, as such a ratio minimizes
the DM-xenon scattering cross section, it brings the
sensitivity of DEAP-3600 beyond that of XENONIT for
m, > 130 GeV/ c?, as long as isospin-dependent W;T'
effects are small.

2. Photon-mediated interactions

The NREFT formalism does not directly cover the case
of light mediators, where the momentum dependence of the
propagator becomes important and long-range forces can

lead to a signal enhancement. These interactions can none-
theless be parametrized in terms of NREOs. In addition to
the operators listed above, anapole, electric/magnetic
dipole, and millicharge interactions are considered, taking
their nonrelativistic limits as in [47,77,78].

The anapole interaction can be written

Oa=ecy Z (OnOs + gnOy), (12)

N=n,p

where e is the charge of the electron, O, =0 and Q, =1,
cy is the Wilson coefficient of the effective anapole
interaction, and g, = —3.83 and g, = 5.59 are the nucleon
g-factors.

In the presence of a magnetic dipole moment y,, the
relevant effective operator is

2
nm.,m
Omp = 2ep, Z [QNmNol +40y );2 N Os

N=n,p
my
+ 2gym, (’)4—?(96 , (13)

and the electric dipole moment d, gives rise to the non-
relativistic electric operator Ogp,

0(1117>
g

ng = Zedl (14)

Finally, the millicharged interaction leads to a standard
Rutherford interaction,

O(P)
O = e%e,——, (15)
q

where ¢, is the DM electric charge relative to the electron
charge. The operators with the superscript (p) in Eqgs. (14)
and (15) only couple to protons. In each case, the total cross
section is computed using DM and nuclear response
functions for each NREO.

IV. ANALYSIS AND METHODS

VDFs are numerically constructed in the laboratory
frame using a Monte Carlo method. For each VDF,
2 x 107 particles are generated in the Galactic rest frame
using Eq. (4) and then boosted to the laboratory frame.

Differential cross sections are calculated using Eq. (9),
considering one coupling at a time, with nuclear response
functions determined by [36]. Calculations are validated by
computing recoil energy spectra assuming the SHM and
comparing the results to those from the WiMpy NREFT [79]
and CHIRALEFT4DM [37] public codes, where possible.

The integral in Eq. (1) is numerically computed, using
the NR acceptance determined for the latest WIMP search
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by DEAP-3600 [5]. This calculation determines the
expected number of DM-induced NR signals expected
for a given set of models.

This study uses the same dataset and analyses reported in
[5], with no WIMP-like events remaining after all event
selection cuts. These null results provide constraints on the
DM-nucleon coupling constants for the O, Oz, Os, Os,
and Oy, operators, which are interpreted as effective cross
sections using Eq. (11).

For photon-mediated interactions [Eqgs. (12)—(15)], limits
are placed on the anapole coupling constant c 4, the
magnetic dipole moment y,,, the electric dipole moment
d,, or the relative electric charge ¢,.

Upper limits are reported at the 90% C.L.; systematic
uncertainties from the detector response model, signal
acceptance, and exposure are propagated into the upper
limit following the prescription by Cousins and Highland
[80] and are detailed in [5].

V. RESULTS AND DISCUSSION

This section reports the key findings of this analysis.
Section VA shows the predicted effects of the different
NREOs and VDFs on NR spectra. Sections VB, VC,
and VD, respectively, show the constraints obtained
assuming different NREFT operators, isospin violation
scenarios, and VDFs. Section V E illustrates the interplay
between NREOs and nonstandard VDFs, and Sec. V F adds
isospin violation. Finally, Sec. V G shows limits on DM
with a magnetic dipole, anapole interaction, electric dipole
and fractional charge.

A. Recoil energy spectra for different
interactions and VDFs

The expected NR energy spectra can be calculated using
Eq. (1). They depend on the underlying VDF as well as the
DM and nuclear response functions, as written in Eq. (9).

Figure 3 shows the recoil energy spectra for WIMPs with
m, = 100 GeV/ ¢? that interact with nucleons via different
NREOs, assuming the SHM. These spectra are normalized
to cross sections that predict a similar number of events in
the energy region of interest. Operators that introduce a
factor of g? to the DM response function (O3, Os, and Oy ;)
are suppressed at low recoil energies, exhibiting a peak
around 25 keV. Operators that add a factor of v2 (Os and
Og) have qualitatively little effect on the recoil spectra,
though the spectra drop off slightly faster, due to the fact
that v, suppresses backscattering.

Effects of substructures on the O, recoil spectrum are
illustrated in Fig. 4, where each substructure has been taken
at its maximum #g,;,. Spectra from slow substructures (the
Gaia Sausage, G4, G5, and G6) decrease faster than
predicted by the SHM, while those resulting from fast
substructures (G1, G2, and G3) are flattened by a knee
around 75-175 keV. While these distortions affect the
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FIG. 3. Recoil spectra for m, = 100 GeV/ c? and SHM, using
the following cross sections: O; (3.7 x 107 cm?, red), O
(2.1 x 107% cm?, green), Os (2.9 x 1073¢ cm?, purple), Oq
(1.9 x 1073 cm?, blue), and O 23 x 10742 cm?, orange).
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FIG. 4. Recoil spectra for m, = 100 GeV/c? and O; with
different substructures at maximum 7, using a cross section of
3.7 x 107 cm?. Curves labeled GS correspond to the two Gaia

Sausage models.

expected rate of recoils in the energy region of interest, the
spectra in this range are similar.

Figure 5 shows the effect that substructures may have for
0y, Og, and Oy;. These operators were selected, for their
respective scaling factors of 1, v7 , and ¢°. The effects of the
Gaia Sausage from [17] and G1 streams are compared to the
spectra derived from the pure SHM, assuming the maximum
considered value of 7,,,,. These substructures were chosen to
span the range of low- and high-speed VDFs.

The spectra from Og and O, are more strongly affected
by these substructures than O,;. For Oy, the Gaia Sausage
causes the recoil spectrum to decrease nearly exponentially,
at a faster rate than the SHM alone predicts, while G1
renders it near flat in the range of 25—-175 keV. This shape is
aresult of the higher momentum transfers accessible by the
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FIG. 5. Recoil spectra for m, = 100 GeV/ c? with VDFs from
Gl (blue), SHM (black), and Gaia Sausage [17] [GS (O’Hare),
red], with maximum 7g,,, and the following cross sections: O,
(3.7 x 107% cm?, solid), Og (1.9 x 1073 cm?, dash-dotted), and
Oy (2.3 x 107*? cm?, solid star).

fast components of G1; the cross section for such inter-
actions is increased by the g*>-enhancement of this operator.
However, the energy region of interest used in this study
extends to 100 keV, below much of this enhancement.

Stronger effects are observed for O, for which the
nuclear scattering cross section scales with v . In this case,
fast DM particles in G1 have an enhanced nuclear scatter-
ing cross section, even when the momentum transfer is
relatively small. This behavior leads to enhanced cross
sections across all accessible energy scales. Similarly,
substructures like the Gaia Sausage that decrease the
amount of fast DM suppress the recoil spectrum.

Figure 6 shows the recoil energy spectra for DM-nucleon
couplings via the same three operators, assuming the SHM,
for IS, IV, and XP isospin scenarios. Similar behavior is

1074
— O1-1S —— 0g-1S O11-1S

— 10-5C —mms O1-IV - G-IV 011 - IV
5 \— O1-XP  —— Og-XP 011 - XP
>
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T
L2 1077k
T
3 1078;
X
Lﬂ‘ 10—9,
3
% 10—10,

10—11 | , . AN .
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Er [keV]

FIG. 6. Recoil spectra for m, = 100 GeV/ ¢? and SHM with
IS, IV, and XP couplings, and the following cross sections: O,
(3.7 x 107% cm?, red), Og (1.9 x 10738 cm?, blue), and Oy,
(2.3 x 107* cm?, orange).

observed for all three operators. IS interactions have the
strongest nuclear couplings, due to the coherent A?
enhancement (where A is the atomic mass number), while
interference between protons and neutrons suppress [V and
XP interactions. These interactions all have slightly differ-
ent shapes, governed by their corresponding nuclear
response function Wi (¢%) in Eq. (9). These functions
are defined for IS and IV components, as well as their cross
terms, which appear in XP interactions. The IV term
decreases the most quickly with recoil energy, while the
cross terms are relatively flat. As a result, the IV energy
spectrum decreases the fastest, while the XP spectrum (the
only one including the cross terms) decreases the slowest.

B. Constraints on effective operators,
with the standard halo model

Exclusion curves for the NREOs considered here are
presented in Fig. 7 for the SHM VDEF, as a function of the
DM mass m,, and the effective DM-proton cross section o,
defined in Eq. (11).

Operators O, Os, Og, and O;; depend on the M
response function, and Oz depends on ®”. As can be seen
in Fig. 7, interactions governed by Os, Og, and Oy, are
suppressed relative to (|, despite using the same nuclear
response function. This suppression is due to the additional
factor of (q/my)? ~1073-1072 in O, and the factor of
v3 ~107° in Og; while both factors suppress Os.

The operators O3 and O;; are both proportional to
(g/my)?. However, Os is described by the ®” multipole
operator [discussed in Egs. (9) and (10)], while O, is
described by M. Since the former operator is related to spin-
orbit coupling, it couples to the two unpaired neutrons and
proton holes in *°Ar, rather than to all 40 nucleons. As a
result, it is a factor of 102 smaller than M.

10—30 L

10—32 L

10! 10? 103 104

m, [GeV/c?]

FIG. 7. Upper limits (90% C.L.) on DM-nucleon scattering
cross sections with the SHM and operators: O; (red), O,
(orange), O3 (green), Oy (blue), and Os (purple). IS interactions
(solid lines) always set the strongest constraints. Isospin-violating
scenarios (IV, dashed lines; XP, dash-dotted lines) are also shown.
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These results can be compared to those reported by
DarkSide-50 in [46], where similar behavior was observed.
The study in [46] also explores the effects of light mediators
in these interactions. The analysis presented by DarkSide-50
adopts a different convention for interpreting effective
coupling constants as DM-nucleon cross sections than is
used in the present study [see Eq. (11)]—namely, DarkSide-
50 provides IS cross sections normalized to reference values
for ¢ and v, at g, = 100 MeV/c and v,; = 220 km/s,
respectively. Recasting the IS constraints shown in Fig. 7
using these conventions shows that the present constraints are
stronger, as expected from the increased exposure used for
the present search.

C. Effects of isospin violation on constraints

The effects of IV and XP isospin scenarios on constraints
on the DM-nucleon cross section resulting from O; with
the pure SHM are illustrated in Fig. 8. As seen in Fig. 6, the
recoil energy spectra for the IV and XP scenarios differ, due
to the different nuclear response functions produced by IS
and IV couplings, as well as their cross terms.

Isospin violation in LAr and liquid xenon targets
was explored in [41], where DM-nucleon cross sections
were rescaled to various isospin scenarios using previously
reported constraints on the isoscalar DM-nucleon cross
section o% = (Vuy)?/m. These are related by the
“rescaling method”:

2 42
, IS Zj’?jﬂAjAj

o =0 ,
PN G [Z A (A = Z)et el

(16)

where 7; is the relative abundance of isotope j with mass
number A; and Z protons; and u A, is the reduced mass of
the DM-nucleus system.

_40 \ —— XENONLIT: IV (Rescale)
107%%¢ \ —— DEAP-3600: IV (Rescale) ‘
\ —— DEAP-3600: IV (NREFT) Pties
\! -
10—41 L
r"g 10—42 L
A
Q.
S] 10—43 L
10—44 L
—=—- XENONLI1T: XP (Rescale)
——- DEAP-3600: XP (Rescale)
10_45 L —==- DEAP-3600: XP (NREFT)
10! 107 103 104
my [GeV/c?]
FIG. 8. Constraints on the O; interaction from XENONIT [81]

and DEAP-3600 [5], for IV (isovector; solid) and XP (xenon-
phobic; dashed) scenarios. Limits labeled ‘“Rescale” were ob-
tained following the method used in [41] [shown in Eq. (16)],
while those labeled “NREFT” used the present approach.

To further explore these effects, Fig. 8 shows limits for
IV and XP scenarios with the rescale method in [41] and
with the NREFT framework. The results of rescaling limits
from XENONIT [81] and DEAP-3600 [5] are shown for
the IV and XP scenarios, consistent with values obtained in
[41]. These rescaled constraints from DEAP-3600 are
compared with constraints obtained from the NREFT
framework where a;, is defined in Eq. (16) and NR
functions WZ’/ are implemented consistently. As seen in
Fig. 8, this latter framework gives up to 20% stronger
limits. This difference is due to the fact that the XP recoil
energy spectrum is flatter than the IV spectrum, as shown
in Fig. 6.

D. Effects of substructures on constraints

Figure 9(a) shows the effects of various DM halo
substructures on cross section upper limits for the IS O,
interaction, using the maximum values of #7,.

10_41 -——- G1 ---- G4 —— GS (Necib)
G2 ---- G5 —— GS(O'Hare)
---- G3 ---- G6 —— SHM
10742
~
g
- 1074
S
10~44
1074 ; : :
101 102 103 10
my [GeV/c?]
(a) O, interactions
---- Gl ---- G4 —— GS (Necib)
G2 ---- G5 —— GS (O'Hare)
10-33¢ --=- G3 ---- G6 —— SHM
b 10—34,
€
=
OEL
10—35 L
10—36 L
101 102 103 10*

my [GeV/c?]

(b) O5 interactions

FIG. 9. Upper limits (90% C.L.) on the effective operators
(a) O, and (b) Os for substructures in this study, as defined in
Table II. Curves labeled GS correspond to the two Gaia Sausage
models.
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The strongest effects are seen at lower m,, where the
lower DM kinetic energy places the maximum recoil
energy closer to the energy threshold. As such, slow
substructures weaken the limits at low m,, while fast ones
strengthen them. These effects diminish at higher m,,
where a higher fraction of the DM will have enough
kinetic energy to produce visible signals, until they level
off at some constant deviation from the limits derived with
the SHM. Once slow particles have enough kinetic energy
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to reliably produce detectable signals, the effects of
increasing their velocity become smaller. As a result,
streams modeled by G1, G2, and G3 lead to stronger
limits, while both Gaia Sausage models and the streams
G4, G5, and G6 result in weaker limits.

Figure 9(b) illustrates how these limits change when Os
is considered, instead. Each substructure is again taken at
its maximum 7y, A similar trend is observed, in which
faster substructures lead to stronger limits and slower

S
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(b) Gaia Sausage (O’Hare et al.) [17]
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FIG. 10. Upper limits (90% C.L.) on DM-nucleon scattering cross sections for the Oy, Oy, O3, Oy, and Os effective operators, in the
presence of VDFs corresponding to (a) the Gaia Necib et al. [60], (b) the Gaia O’Hare et al. [17], (c) G1 streams, and (d) G2 streams,
with 7, of the DM contained in the specified substructure. Beneath each set of exclusion curves is the relative deviation of each
operator with the given substructure at its maximum value compared to the SHM and where Ao = o4, — OsgMm-
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substructures lead to weaker limits. However, the effects are
much more significant, due to the dependence of Os5 on vi
with more than an order of magnitude variation seen
near m, ~ 100 GeV/c%.

These differences persist at higher masses. For operators
that depend on v |, enhancing the high-velocity component
of the VDF increases the fraction of candidates with
enough kinetic energy to produce a detectable signal, as
for O,. These high-velocity DM particles also have
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FIG. 11.

enhanced nuclear scattering cross section, yielding stronger
constraints. Likewise, slower substructures have DM with
suppressed interactions and weaker limits.

E. Isoscalar limits in the presence
of halo substructures

Figures 10 and 11 show IS exclusion curves for each
NREO under consideration, with each substructure listed in
Table Il varied over the range of 7. The relative differences
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Upper limits (90% C.L.) on DM-nucleon scattering cross sections for the O, O, O3, Og, and Os effective operators, in the

presence of VDFs corresponding to (a) G3 streams, (b) G4 streams, (c) G5 streams, and (d) G6 streams, with 7, of the DM contained in
the specified substructure. Beneath each set of exclusion curves is the relative deviation of each operator with the given substructure at its
maximum value compared to the SHM and where Ac = o4, — Ospm-
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between the exclusion curves drawn with 7, at its maxi-
mum value and minimum value (corresponding to the SHM)
are also shown.

As noted above, DM with m,, < 100 GeV/ ¢? exhibit the
most sensitivity to substructures, since potential signals in
the energy region of interest come from high-velocity tails
of the VDFs, where the DM speed can compensate for the
lower mass. For O, Os, and Oy, exclusion curves drawn
for higher-mass DM become relatively insensitive to most
of the substructures considered here, typically deviating
from the SHM result by 10% or less.

For Os and Og, for which R; o v7, these differences
persist at higher m,, as the velocity enhancement of the
cross section is independent of m,. As a result, these

operators are more sensitive to changes in the VDF than the
others are.

Both models of the Gaia Sausage result in weaker
constraints, due to its relatively low velocity in the
laboratory frame. However, the parametrization by
O’Hare et al. [17] [Fig. 10(b)] affects the constraints more
strongly at higher m, compared to the model by Necib ez al.
[60] [Fig. 10(a)]. At 3 TeV/c?, the model by O’Hare et al.
increases the upper limit by a factor of 2.0, while the model
by Necib et al. increases it by a factor of 1.7.

However, their relative effects reverse at lower masses.
At 40 GeV/ ¢%, the model from Necib ef al. increases the
limit by a factor of 4.7, compared to a factor of 3.1,
following O’Hare et al.. This behavior is due to the fact that
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FIG. 12. Summary plots showing upper limits (90% C.L.) on the DM-nucleon scattering cross section values of m, equal to

X

(a) m, =40 GeV /c?, (b) 100 GeV/c?, and (c) 3 TeV/c? for each substructure and isospin scenario. Operators’ color (from left to right
on the ¢,,-axis) are O, (red), O, (orange), O; (green), Oy (blue), and Os (purple). Limits labeled G.S. correspond to the Gaia Sausage
models by Necib et al. [60] and by O’Hare et al. [17]. The shading in each rectangle indicates the value of #,,, with darker colors
denoting higher values. The minimum 7y, = 0% coincides with the limit constrained with the SHM.
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the model described by O’Hare et al. is both slower and
narrower than the model by Necib et al..

The fastest streams, G1 and G2 [Figs. 10(c) and 10(d)],
strengthen limits the most, with more significant changes for
Os and Og. The slowest stream, G6 [Fig. 11(d)], decreases
sensitivity uniformly across all masses. DM particles in these
substructures have too little kinetic energy across at all
considered masses, and so cannot produce a signal in the
energy region of interest. Instead, all candidate signals would
come from the residual SHM-like component.

Streams described by G5 [Fig. 11(c)] consistently yield
limits within 40% of those obtained from the pure SHM at
40 GeV/c? and agree with the SHM prediction to within
3% at 3 TeV/c?. These streams have a mean close to that
of the SHM, and their impact on DM sensitivity mostly
derives from the effect of narrowing the VDF.

Limits from streams G3 and G4 are shown in Figs. 11(b)
and 11(a), respectively. Both streams decrease sensitivity
by up to 40% at 40 GeV/c?, with varying behavior at
higher masses. For Os; and g at higher masses, G4
decreases the sensitivity by up to 9%, while it increases
the sensitivity by up to 20% for the other operators. At these
masses, G3 streams increase the sensitivity for all oper-
ators, though limits for 05 and Oy are strengthened by
24%, while the others are improved by up to 20%. These
streams increase the sensitivity in some mass ranges and
decrease it at other masses due to their narrow VDFs:
while the VDFs have a slightly higher means than the
SHM, their lower spread decreases the population of the
high-velocity tail.

F. Simultaneous effects of all model variations

Limits from all model variations discussed in Sec. III are
summarized at three fixed masses, shown in Fig. 12(a) for
m, = 40 GeV/c?, Fig. 12(b) for m, = 100 GeV/c?, and
Fig. 12(c) for m, = 3 TeV/c?.

These figures show the 90% C.L. upper limits on the
DM-nucleon scattering cross section at each mass, for all
operator and isospin scenarios considered. Upper limits are
shown for the VDF groupings presented in Table II. Each
rectangle in these figures shows the cross section excluded
as the fraction of DM in the substructure 7, varies within
its specified range, with darker shadings corresponding to
higher values of 7.

The general trends discussed earlier are evident in
Fig. 12. For all operators, constraints on lower-mass DM
candidates are most strongly affected by substructures.
Upper limits derived from O;, Oz, and O;; become
relatively insensitive to substructures at higher masses,
while Os and Og remain sensitive.

Operators that introduce a factor of ¢> to the DM
response function, such as Oz, Os, and O;; change the
shape of the recoil energy spectrum, compared to O;.
Similarly, the dependence of O3 on ®” rather than M and
variations in the isospin symmetry assumptions change the

momentum dependence of the nuclear response function.
Upper limits for interactions with these altered response
functions increase in sensitivity by up to 10% more when
fast substructures are introduced compared to O;.

Many of these changes manifest by making the recoil
energy spectrum flatter, as discussed in Sec. VA. Since the
current analysis uses the same energy region of interest
defined for [5], some of these changes occurred at higher
energies than were included in this region. It is therefore
likely that extending the analysis region to higher energies
will result in limits on these interactions that are more
sensitive to substructures. However, such a study is beyond
the scope of the present analysis.

G1 and G2 are the only two substructures that uniformly
produce stronger limits for all operators across all masses;
the other substructures either always weaken the constraints
or have effects that change with mass and operator.
Substructures in this latter category tend to have smaller
effects on the constraints compared to others.

The slowest streams, described by G6, uniformly
weaken constraints by around 40% for all interactions
and DM masses. This constant shift is because most of
the DM in these substructures does not have enough
kinetic energy to produce a signal in the energy region
of interest, and so all potential DM signals must come from
the SHM-like component of the VDF, which decreases
with 7gp.

G. Limits on photon-mediated interactions

Limits on photon-mediated interactions are derived using
a set of effective operators, as described in Sec. III B 2.

Upper bounds on the coupling strength of these
interactions are shown in Fig. 13, assuming the SHM.
For m, = 100 GeV/ c?, this analysis excludes an anapole
coupling strength ¢, > 4.8 x 107 GeV~2, a magnetic
dipole 4, > 1.1 x 107® GeV~!, an electric dipole moment

107t} —— ca [GeV~2]: anapole moment
My [GeV~1]: magnetic dipole moment

—— dy [GeV~1]: electric dipole moment
—— &y [el: fractional electric charge

=
o
|
w
o

Coupling strength
=
<

1076¢
1077
10-8
107%¢
10! 102 10° 10°
my [GeV/c?]
FIG. 13. Exclusion curves on the coupling strength of photon-

mediated interactions: anapole, magnetic dipole, electric dipole,
and millicharged DM using the SHM.
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d,>15x10"" GeV~!, and an electric charge € >
7.4 x 10710 ¢,

VI. CONCLUSION

This study provides detailed analyses of DEAP-3600’s
constraints on DM-nucleon couplings beyond the standard
assumptions of a constant, isoscalar, spin-independent cross
section and a Maxwell-Boltzmann DM velocity distribution.
Using a total exposure of 758 tonne - days, upper limits were
placed on the Oy, Os, Os, Oy, and Oy effective operators in
IS, IVand XP isospin symmetry scenarios, using the NREFT
framework described in [35] and exploring the effects of
various kinematically distinct halo substructures, which are
motivated by recent astronomical observations.

Constraints on operators proportional to » | are weaker
than those proportional to g, which are weaker than those
proportional to neither. Limits for interactions proportional
to the ®” multipole operator are weaker than those for
comparable interactions with M, consistent with findings
in [46].

As shown in [41], limits on XP couplings above
100 GeV/c?> for DEAP-3600 are stronger than those
placed by XENONIT based on rescaling arguments. The
NREFT framework yields different recoil energy spectra
for IS and IV couplings and their cross terms. In the case of
IV interactions, these changes result in slightly weaker
limits than are derived using the rescaling method in [41],
while they comparatively strengthen constraints for XP
interactions.

Exclusion curves may substantially change in the pres-
ence of kinematically distinct halo substructures. While
these effects are strongest for DM masses at the lower range
of DEAP-3600’s sensitivity, they remain particularly
strong at higher masses for operators that depend on v .
Constraints on interactions are most significantly strength-
ened by fast substructures, like the S1 [17] stream and the
streams identified by Koppelman et al. [16]; constraints are
most significantly weakened by slow streams like Nyx
[18], prograde in-falling clumps, and the Gaia Sausage
debris flow [17,60].

While Nyx is slower than the Gaia Sausage, the
potentially high 7, for the latter substructure allows it
to have a stronger effect. Both realizations of the Gaia
Sausage considered here show qualitatively similar effects
on upper limits; however, the model described in [60] by
Necib et al., has stronger effects at lower masses, while the
model in [17] by O’Hare et al., is more significant at higher
masses. Upper limits set with these models may disagree
with each other by around 30%.

Limits placed on v -dependent operators were the
most sensitive to substructures, while operators propor-
tional to g responded similarly to O,. However, Fig. 5
shows that the recoil energy spectra for g-dependent
operators diverge significantly from O; spectra in the
presence of substructures at higher energies than were

considered for the region of interest. This observation
indicates that greater sensitivity to substructures may arise
in searches that extend out to higher energies, up to around
200 keV.

The large variation seen in these limits highlights the
importance of the local DM kinetic distribution as a source
of uncertainty in the exclusion or discovery of the particle
nature of DM. These effects may be further exacerbated by
the presence of multiple substructures. As demonstrated in
[47], substructures like the Gaia Sausage may introduce
significant uncertainties in interpreting potential DM detec-
tion signals, as well. However, [47] shows that these
degeneracies can be resolved by comparing results between
experiments, emphasizing the importance of DM searches
with different target nuclei. Halo substructures also have
different effects on the recoil energy spectra expected for
each operator, potentially allowing spectral information to
further resolve these uncertainties.

Kinematic substructures with higher velocities than
those discussed here may strengthen these effects. For
example, interactions between the Milky Way and the
Large Magellanic Cloud (LMC) may result in local sub-
structures with velocities faster than the Galactic escape
speed if the DM particles originated in the LMC or were
accelerated by it. Such substructures are discussed in [82].

Further assessing how various particle and astrophysical
models can be resolved is left to future work. These studies
will benefit from the several ongoing efforts to better
understand the kinematics of the local DM halo.

Exclusion curves for all operators discussed in the current
analysis evaluated for each VDF, including the specific
interactions, are available from the Zenodo repository [83].
Data needed to reproduce the VDFs and recoil energy
spectra shown in Figs. 2—6 are available there, as well.
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