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The Large Underground Xenon (LUX) dark matter search was a 250-kg active mass dual-phase time
projection chamber that operated by detecting light and ionization signals from particles incident on a
xenon target. In December 2015, LUX reported a minimum 90% upper C.L. of 6 × 10−46 cm2 on the spin-
independent WIMP-nucleon elastic scattering cross section based on a 1.4 × 104 kg · day exposure in its
first science run. Tension between experiments and the absence of a definitive positive detection suggest it
would be prudent to search for WIMPs outside the standard spin-independent/spin-dependent paradigm.
Recent theoretical work has identified a complete basis of 14 independent effective field theory (EFT)
operators to describe WIMP-nucleon interactions. In addition to spin-independent and spin-dependent
nuclear responses, these operators can produce novel responses such as angular-momentum-dependent and
spin-orbit couplings. Here we report on a search for all 14 of these EFT couplings with data from LUX’s
first science run. Limits are placed on each coupling as a function of WIMP mass.

DOI: 10.1103/PhysRevD.103.122005

I. INTRODUCTION

The existence of a nonluminous, nonbaryonic matter
component to the universe is supported by a wealth of
astrophysical data ranging from galactic to cosmological
scales [1–5]. Under the ΛCDM model, dark matter forms
the majority (84.3%) of the matter density and a substantial
portion (25.9%) of the energy density of the universe [6].
Although some of its properties have been constrained
through astrophysical measurements, its exact nature
remains one of the most intriguing mysteries of modern
physics. A favored dark matter candidate is the weakly
interacting massive particle (WIMP), which may have been
produced thermally in the early universe and arises natu-
rally in supersymmetric and Kaluza-Klein theories. The
direct detection of WIMPs through their scattering off of
nuclei is one of the most promising avenues for detection
[7,8]. WIMPs are expected to have a mass in range of
OðGeVÞ to OðTeVÞ and are therefore kinematically well-
matched to atomic nuclei. WIMP-nucleus recoils involve
energy transfers on the order of 10 keV. Although rare, such
energy depositions may be detectable in a laboratory target.
The Large Underground Xenon (LUX) experiment was a

250-kg active mass dual-phase (liquid/gas) xenon-based
time projection chamber deployed 4850 feet underground
(4300 meters water equivalent) at the Sanford Underground
Research Facility in Lead, South Dakota. Particle inter-
actions in xenon produce an abundant signal in both
scintillation and ionization channels. Xenon is transparent
to its own scintillation light, so interactions can be detected
with little loss of sensitivity even at the center of very large

volumes. Similarly, a high ionization yield and long
electron drift lengths in xenon enable charge signals to
be efficiently extracted. Xenon is also an intrinsically
low-background material. Of its naturally occurring radio-
active isotopes, 127Xe has a half-life of only 36 days, and
all but one other decay more rapidly. After a few weeks,
these backgrounds therefore become insignificant. 136Xe
undergoes double-beta decay with a half-life of 2.11 ×
1021 years [9] and constitutes a negligible background for
all current dark matter searches. Finally, its high atomic
number (Z ¼ 54), atomic mass (A ∼ 131), and high natural
abundance of n-odd isotopes 129Xe (26.4%) and 131Xe
(21.2%) give high sensitivity to both spin-independent (SI)
and spin-dependent (SD) WIMP-nucleon interactions.
Leveraging these advantages as well as a number of
hardware innovations and novel calibration methods,
LUX set world-leading constraints on SI WIMP-nucleon
and SDWIMP-neutron interaction cross sections for a wide
range of WIMP masses [10–13].
Most other direct dark matter searches have likewise

detected no evidence of WIMP-nucleus interactions to date.
In contrast, the DAMA/LIBRA experiment has reported a
12.9σ event excess consistent with an annual modulation
signal from a light WIMP [14]. Many attempts have been
made to reconcile this event excess with LUX and other
null results through the application of increasingly more
exotic dark matter interaction models beyond the typical
experimental treatment of WIMP-nucleon elastic scatter-
ing, which focuses only on interactions governed by SI
and SD operators. Examples include “xenophobic” isospin-
violating dark matter [15], and form factor dark matter,
which has interactions modulated by momentum-
dependent form factors [16]. However, this problem may
be treated in a more general way, avoiding model-specific
assumptions about the properties of dark matter and
ensuring full parameter space coverage.
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TraditionalWIMPdirect-detectionphenomenology retains
only theWIMP-nucleon SI and SD interaction terms, as these
interactions do not depend on the momentum transfer of the
interaction and therefore feature a finite cross-section in the
limit of zero momentum transfer. However, this limit can be
inappropriate for two reasons: (1) the Fermi motion of
nucleons inside nuclei renders the static limit inaccurate
[17]; (2) for larger energy nuclear recoils, the momentum
transferred to the nucleus can be significant. As a result, the
standard SI and SD interactions may be subject to corrections
from momentum- or velocity-dependent operators. In addi-
tion, the standard operators may also be suppressed in such a
way that the dominant interaction is momentum- or velocity-
dependent, as in a composite dark matter scenario where
the WIMP-nucleon interactions are governed primarily by
dipole or anapole operators [18].
In this paper, we summarize recent theoretical work that

addresses the shortcomings of the assumption of purely
static nucleons and approaches the problem of WIMP-
nucleon elastic scattering in a model-independent way. We
use the first LUX dataset to constrain the coupling strengths
of all terms in a complete basis which spans all possible
forms of the WIMP-nucleon interactions [17,19–22]. This
is a much richer set of interactions than those included in
the standard SI/SD paradigm, in particular yielding a set of
entirely new nuclear responses with different strengths in
different target nuclei. See Ref. [19] for a discussion on
the connection between EFT and UV-complete models. We
constrain the coupling strengths of dark matter to nucleons
through each of these operators.

II. AN EFFECTIVE FIELD THEORY
FRAMEWORK FOR DIRECT DETECTION

In general, the differential event rate with respect to recoil
energy for WIMP-nucleon interactions is given by [23]:

dR
dER

¼ ρ0
mχmA

Z
v>vmin

vfðv⃗Þ dσ
dER

d3v ð1Þ

where ρ0 is the local density of WIMPs in the galactic halo,
mχ and mA are the masses of the WIMP and target nucleus
respectively, dσ=dER is the differential WIMP-nucleus
interaction cross section with respect to recoil energy, v⃗ is
the velocity of the incident WIMP with respect to the target,
fðv⃗Þ describes the WIMP velocity distribution, and vmin is
the minimum WIMP velocity needed to create a recoil of
energy ER. The details of the underlying particle physics are
contained in the differential cross section dσ

dER
:

dσ
dER

¼ 1

32πv2
1

m2
χmA

1

ð2jA þ 1Þð2jχ þ 1Þ ×
X
Spins

jMj2 ð2Þ

whereM is theWIMP-nucleus scattering amplitude, and we
average over the initial nuclear spin jA andWIMP spin jχ and

sum over final spins. A factor of 1=ð4mχmAÞ2 is introduced
to account for the normalization used in matching relativ-
istic WIMP-nucleon interaction operators to the corre-
sponding nonrelativistic operators [17]. We note that the
method chosen here to probe low-energy effective inter-
actions is not unique; one may instead choose to use
relativistic effective operators [21] or alternatively use a
chiral EFT framework [24,25] which includes one-body
[26] or one- and two-body [27] currents, as well as radius
corrections.
In [17,20–22], the WIMP scattering amplitude jMj2 is

calculated by modeling each scatter as a four-particle
contact interaction. The interaction Lagrangian has the
generic form

Lint ¼ χ̄OχχN̄ONN ≡Oχ̄χN̄N ð3Þ

where χ and N are nonrelativistic fields denoting the
incident WIMP and the target nucleon, respectively.
Although we do not consider WIMP inelastic scattering,
note that it can be treated by generalizing to χ̄1Oχχ2, where
χ1 and χ2 have different masses.
Under conservation of momentum and Galilean invari-

ance, the four momenta of the particles can be reduced to a
basis of two independent quantities, chosen for conven-
ience to be the Hermitian quantities iq⃗, where q⃗ is the
momentum transfer imparted from the incident WIMP to
the target nucleon, and v⃗⊥ ¼ v⃗þ q⃗=2μN , where μN ¼
mχmNðmχ þmNÞ−1 is the WIMP-nucleon reduced mass.
v⃗⊥ is the component of WIMP incident velocity v⃗ trans-
verse to q⃗. All WIMP-nucleon operators subject to
these basic symmetries can be written as a combination
of iq⃗, v⃗⊥, the nucleon spin S⃗N , and the WIMP spin S⃗χ .
For a WIMP-nucleon interaction that involves the exchange
of a spin-0 or spin-1 mediator, this yields 11 possible
combinations:

O1 ¼ 1

O2 ¼ ðv⊥Þ2

O3 ¼ iS⃗N · ðq⃗ × v⃗⊥Þ
O4 ¼ S⃗χ · S⃗N

O5 ¼ iS⃗χ · ðq⃗ × v⃗⊥Þ
O6 ¼ ðS⃗χ · q⃗ÞðS⃗N · q⃗Þ
O7 ¼ S⃗N · v⃗⊥

O8 ¼ S⃗χ · v⃗⊥

O9 ¼ iS⃗χ · ðS⃗N × q⃗Þ
O10 ¼ iS⃗N · q⃗

O11 ¼ iS⃗χ · q⃗: ð4Þ
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There are five additional exotic operators that arise only
in interactions not involving the exchange of a spin-0 or
spin-1 mediator:

O12 ¼ S⃗χ · ðS⃗N × v⃗⊥Þ
O13 ¼ iðS⃗χ · v⃗⊥ÞðS⃗N · q⃗Þ
O14 ¼ iðS⃗χ · q⃗ÞðS⃗N · v⃗⊥Þ
O15 ¼ −ðS⃗χ · q⃗ÞððS⃗N × v⃗⊥Þ · q⃗Þ
O16 ¼ −ððS⃗χ × v⃗⊥Þ · q⃗ÞðS⃗N · q⃗Þ: ð5Þ

Operator O2 to leading order does not arise in the non-
relativistic limit to any relativistic operator, and operator
O16 can be written as a linear combination of operatorsO12

and O15. A generic WIMP-nucleon interaction Lint ¼P
i ciOi is written as a sum over the fourteen basis

operators O1 and O3;…O15, with ci denoting the coupling
constant associated with operator Oi. We note that this
choice of operators is not unique, and would not map one-
to-one on a relativistic EFT framework.
These 14 operators acting on an individual nucleon’s

available degrees of freedom S⃗N and v⃗⊥N can produce six
distinct nuclear charges and currents.

1; v⃗⊥N · v⃗⊥N; S⃗N · v⃗⊥N;

S⃗N; v⃗⊥N; and S⃗N × v⃗⊥N ð6Þ

Here v⃗⊥N · v⃗⊥N can be neglected to lowest order. For elastic
scatters, nuclear selection rules for parity and time reversal
constrain most off-diagonal terms in the scattering ampli-
tude to be zero. Creating a Lagrangian formed from the
operators listed in Eq. (4) and Eq. (5), and then grouping
the terms in terms of the nuclear charges and currents of
Eq. (6), leads to six independent nuclear responses con-
tributing to the total scattering amplitude. Each response is
proportional to one of the nuclear charges or currents and
has an interpretation familiar from standard electroweak
physics or simple extensions thereof [17,20]. We denote the
six possible nuclear responses as M, Σ0, Σ00, Δ, Φ̃0, and Φ00,
and in the leading-multipole, long-wavelength limit they
behave as follows:

M is a spin-independent nuclear response proportional
to Z (for protons) or (A − Z) (for neutrons). It arises,
for example, from the scalar interaction O1, and
approaches A

2
ffiffi
π

p in the long-wavelength limit. The

coupling coefficient c1 is related to the standard SI
WIMP-nucleon zero-momentum-transfer cross sec-
tion σ0;SI by:

σ0;SI ¼
�
4μ2A
π

�
½cp1Z þ cn1ðA − ZÞ�2 ð7Þ

Other interactions (for example, O11, which is mo-
mentum-dependent and therefore neglected in the
standard SI/SD treatment) can also give rise to a
spin-independent nuclear response. Of all direct de-
tection targets, heavy targets like iodine and xenon are
the most sensitive to the M response.

Σ00 and Σ0] depend on the component of the nuclear spin
longitudinal and transverse to the momentum transfer
(q⃗), respectively. In the long-wavelength limit, they
approach 1

2
ffiffiffiffi
3π

p
P

A
i¼1 σðiÞ and

P
A
i¼1 σðiÞ, respectively,

where σðiÞ denotes the spin operator acting on the ith
nucleon in the target nucleus, and are proportional to
the expected proton or neutron spin content of the
nucleus, hSpi or hSni. As q2 becomes non-negligible
(departing from the long-wavelength limit) their form
factors differ significantly, and several of the WIMP-
nucleon interaction operators (for example, O9 and
O10) give rise to one but not the other. A particular
linear combination (Σ00 þ Σ0) arises from the interac-
tion O4 ¼ S⃗χ · S⃗N . For spin-1=2 dark matter, the spin-
dependent coupling coefficient c4 can be written in
terms of the WIMP-nucleon coupling strengths ap, an
as follows [17]:

cN4 ¼ 32
ffiffiffi
2

p
mNmχGFaN for N ¼ n; p ð8Þ

Nuclei with unpaired protons (for example, 19F) or
unpaired neutrons (for example, 129Xe or 131Xe) are
the most sensitive to Σ00 and Σ0.

Δ, Φ00, and Φ̃0 are novel responses. Each contains
explicit factors of q2 and arises from the velocities of
nucleons v⃗⊥N;i inside the nucleus. Consequently, these new
responses do not appear in the point-nucleus limit or the
standard SI/SD treatment at all. In more detail:

Δ] depends on the angular-momentum content of the
nucleus, hLpi or hLni, which in turn depend on
the relative nucleon velocities. Δ approaches
1

2
ffiffiffiffi
6π

p
P

A
i¼1 lðiÞ in the long-wavelength limit, where

lðiÞ denotes the angular momentum operator acting on
the ith nucleon in the target nucleus, and gains a
kinematic enhancement of mT=mN ¼ A to v⃗⊥N [17],
being most favorable to heavy targets with an unpaired
nucleon in a non-s-shell orbital. Note that this kin-
ematic enhancement applies when comparing Δ of
different nuclei, not when comparing Δ to other
nuclear responses.

Φ00 depends on the spin-orbit coupling between a
nucleons spin and its own angular momentum.
It approaches 1

6
ffiffi
π

p
P

A
i¼1½σ⃗ðiÞ · ⃗lðiÞ� in the long-

wavelength limit, which is proportional to hS⃗p · L⃗pi
or hS⃗n · L⃗ni. Φ00 has a kinematic enhancement of A
and favors targets with unfilled angular momentum
orbitals.
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Φ̃0 is a tensor operator that is proportional to Φ00 in the
long-wavelength limit. It appears only in models with
the operators O12 and O13, which cannot arise from
the exchange of a spin-0 or spin-1 mediator. Φ̃0 only
contributes in targets with jA ≥ 1. This includes 131Xe,
which has spin 3=2.

Finally, two pairs of nuclear responses (M and Φ00) and
(Σ0 and Δ) can interfere with each other. These interference
responses arise only in off-diagonal terms in the scattering
amplitude matrix. Only pairs of operator Oi and Oj that
have the same parity and time-reversal properties can
interfere. These pairs are ði; jÞ ¼ ð1; 3Þ, (4,5), (4,6),
(8,9), (11,12), (11,15), and (12,15). All other off-diagonal
terms vanish.

A WIMP-nucleon interaction Lagrangian LðNÞ
int ¼P

i c
ðNÞ
i OðNÞ

i , withN ¼ n or p denoting the type of nucleon
involved in the interaction, gives rise to the following total
WIMP-nucleus scattering amplitude.

1

ð2jA þ 1Þð2jχ þ 1Þ
X
Spins

jMj2

≡ m2
A

m2
N
×
X
i;j

X
ðN;N0Þ

cNi c
N0
j FðN;N0Þ

i;j ð9Þ

where jA is the spin content of the target nucleus, jχ is the
WIMP spin, ci is the coefficient of operator Oi in the
Lagrangian, and the effective field theory form factors

FðN;N0Þ
i;j ¼ FðN;N0Þ

i;j ðv2; q2Þ are defined to be the coefficient
of cicj. Fi;j can depend on velocity v and momentum
transfer q and is different for different target nuclei [17].
The explicit sum over nucleon pairs ðN;N0Þ ¼
ðn; nÞ; ðn; pÞ; ðp; nÞ; ðp; pÞ takes into account two-body
currents in the nucleus.

Each form factor FðN;N0Þ
i;j is a linear combination of

nuclear response form factors FðN;N0Þ
k and interference

form factors FðN;N0Þ
k1;k2

that are calculated by sandwiching

nuclear operators k ¼ M;Σ0;Σ00;Δ; Φ̃0;Φ00 between nuclear
states [20]:

FðN;N0Þ
k ðq2Þ ¼ 4π

2jA þ 1

X2jAþ1

J¼0

hjAjjkðNÞ
J jjjAihjAjjkðN

0Þ
J jjjAi

FðN;N0Þ
k1;k2

ðq2Þ ¼ 4π

2jA þ 1

X2jAþ1

J¼0

hjAjjkðNÞ
1J jjjAihjAjjkðN

0Þ
2J jjjAi:

ð10Þ

The nuclear response form factors Fk are not merely special
cases of the operator form factors Fi;j. Rather, they are
well-defined quantities depending only on the physics of
the target nucleus and can be approximated using standard
nuclear physics techniques. We note the form factors used

here conservatively only include one-body interactions,
unlike the standard SD analyses (such as [13]) which
commonly include two-body effects. Numerical approx-
imations to each of these form factors for common nuclei
used in direct detection targets are calculated by Anand
et al. using a standard shell model expanded over a set
of Slater determinants and catalogued in [17,21]. For
operators Oi and Oj, the coefficients aijk in the linear

combination FðN;N0Þ
i;j ¼ P

k aijkF
ðN;N0Þ
k [where k ranges over

M;Σ00;Σ0;Δ;Φ00; Φ̃0 and the two interference responses
ðM;Φ00Þ; ðΣ0;ΔÞ] are simple products of WIMP and
nucleon masses and spins. These are catalogued in
Appendix A.2 of [17]. All dependence on the dark matter
physics (WIMP mass, WIMP spin, relative WIMP-target
velocity, and so on) is built into the coefficients aijk.
A comparison of form factors for common direct

detection elements can be seen in Fig. 1. Xenon has
substantial sensitivity to the broadest set of interaction
forms among practical WIMP targets; note that xenon is
sensitive to WIMP-neutron interactions for all five nuclear
responses, to SI and LSD/tLSD (scalar/tensor spin-orbit)
WIMP-proton interactions, and to a lesser extent to
LD (angular-momentum dependent) WIMP-proton inter-
actions. The scalability and low background levels of xenon
TPCs like LUX can help offset their limited sensitivity to
WIMP-proton SD interactions, so xenon is a good choice of
target regardless of the nature of the interaction. Even more
sensitive coverage of WIMP-proton interactions can be
achieved by the addition of fluorine and iodine WIMP
targets. Complementarity between different target materials
also helps ensure coverage of any “blind spots” in xenon.
Such a scenario will occur if WIMPs are isospin-violating
and interact predominantly with protons via operators that
produce only Σ00, Σ0, and Δ responses.
We consider the possible recoil spectra that can be

produced in a xenon target. The standard SI WIMP-nucleon
recoil spectrum roughly follows a decaying exponential.

FIG. 1. The relative size of integrated nuclear form factorsR
100 MeV
0

1
2
qFkðq2Þdq by target for k ¼ M;Σ00;Σ0;Δ;Φ00, and Φ̃0,

adapted and expanded from Fig. 1 of [17]. The contribution of
each isotope is weighted by natural abundance. Each value is
normalized by that of the element with the maximum integrated
form factor.
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For a 500-GeVWIMP undergoing an SI recoil in xenon, the
vast majority of interactions (93%) deposit ≤ 40 keV; this is
roughly the upper energy threshold used by LUX in previous
WIMP searches. Direct detection experiments have focused
more on reducing the lower energy threshold than on
studying higher-energy recoils. However, the spectra for
interactions governed by momentum-dependent operators
are qualitatively flat or exhibit an upwards slope with respect
to recoil energy out to tens or even hundreds of keV. This
motivates expanding the energy window, since momentum-
dependent interactions are more likely to occur at high recoil
energies, especially for higher-mass WIMPs. We show the
expected NR spectrum from a section of operators and
three example WIMP masses (low, medium, high) in Fig. 2;
here we make the standard assumptions that the WIMP
velocities follow a Maxwell-Boltzmann distribution with
characteristic velocity v0 ¼ 220 km=s and escape velocity
vesc ¼ 544 km=s. The features in the spectrum for each
individual operator vary according to the nuclear responses
that are produced in a given target material.

III. THE LUX APPARATUS AND FIRST DARK
MATTER SEARCH

The LUX detector was a dual-phase xenon time
projection chamber with an active mass of 250 kg.
The active xenon target was viewed by two arrays of

61 photomultiplier tubes (PMTs) each, one viewing the
target from above and the other from below. An incident
WIMP interacting with the target xenon would appear as a
nuclear recoil (NR) depositing energy up to Oð100 keVÞ.
Such an energy deposition would produce both prompt
scintillation light (S1) and ionization electrons. The elec-
trons were drifted upwards by an electric field established
by a wire cathode grid, located above the bottom PMT
array, and a gate grid, located just below the liquid surface
of the xenon. They were then extracted from the liquid
surface and accelerated through the gas region by the
electric field between the gate grid and an anode mesh
underneath the top PMT array. The rapidly-moving elec-
trons luminesce in the gaseous xenon to produce a
secondary (S2) scintillation signal, whose amplitude was
proportional to the number of extracted electrons. The S1
and S2 signals were both recorded by the PMTs. The hit
pattern of the S2 signal on the top PMT array yielded the
ðx; yÞ-position, while the difference in arrival time between
the two pulses reflected the depth of the interaction. This
enabled the localization of the interaction site in 3D: the
1–σ statistical resolution of reconstructed ðx; yÞ coordinates
was 10 mm at the S2 threshold, improving for larger S2
pulses proportional to S2−1=2; the resolution of the recon-
structed z coordinate was better than 1 mm [10]. Multiple-
scatter events could be identified and rejected, and the

FIG. 2. WIMP-nucleon recoil spectra in xenon for a representative sample of EFT operators, weighted by the natural abundance
of isotopes. We assume a spin-1=2 WIMP that obeys a Maxwellian WIMP velocity distribution with a characteristic velocity

v0 ¼ 220 km=s and escape velocity vesc ¼ 544 km=s. The spectra are normalized so that the coupling constant cðn;pÞ1 produces a zero-
momentum transfer WIMP-nucleon interaction cross section of 1 × 10−36 cm2 for operator O1. For the other operators Oi, we set
ci ¼ c1. For comparison, we also show the recoil spectra for the standard SI WIMP-nucleon interactions assuming a Helm form factor
[28] and recoil spectra for the standard SD WIMP-nucleon interactions using the structure factors calculated in [29].
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active volume could be fiducialized to cut out external
backgrounds which produced signals primarily in the outer
regions of the active detector volume. The distribution of
events in the S1-S2 plane could be used to reject nearly all
background events in the form of gamma interactions and β
recoils. Further details of the LUX instrument including the
design of the internals, the PMTs, the cryogenics and xenon
circulation/purification system, and the trigger and readout
electronics can be found in [30].
During mid-2013, LUX acquired 95 live-days of WIMP

search data with a 145 kg fiducial mass. During this time,
regular in situ calibrations were performed with 83mKr,
which was injected directly into the path of the xenon flow
and allowed to disperse throughout the active volume. As
83mKr is monoenergetic, these calibrations allowed the
position-dependent detector response to be studied.
Additionally, a tritiated methane (CH3T) source was devel-
oped for calibration of detector efficiencies and to define the
broad-energy ER response [31]. The detector’s NR response
was performed with a monoenergetic Adelphi deuterium-
deuterium neutron generator, which formed a collimated
neutron beam incident on the detector. This calibration also
facilitated the lowest-energy measurement of the LXe NR
scintillation response [32], down to 1.1 keV. A minimum
90% upper C.L. limit of 6 × 10−46 cm2 to SIWIMP-nucleon
interactions for WIMPs of mass 33 GeV=c2 was obtained
with this dataset [10]. Additional analyses of these dataset
have been performed, placing limits on SD WIMP-nucleon
interactions [12], solar axions, dark-matter axion-like par-
ticles [33], mirror dark matter [34], and sub-GeV dark matter
[35]. Following the mid-2013 WIMP search campaign, a
much longer dataset of 332 live-days was acquired between
September 2014 andMay 2016. These data, when combined
with LUX’s 2013 data, yielded a 90% C.L. upper limit
on SI WIMP-nucleon interactions of 1.1 × 10−46 cm2 for
50 GeV=c2 WIMPs [11], as well as updated limits SD
WIMP-nucleon couplings [13]. The 2014-2016 LUX oper-
ation and analysis was more complex than in 2013 because
of electric charging of the PTFE walls, which substantially
distorted the drift field. In the next section, we use predicted
EFT nuclear recoil spectra to calculate limits on operator
coupling constants from the LUX 2013 dataset, which is
simpler to analyze due to the roughly constant drift field.

IV. LUX LIMITS ON WIMP-NUCLEON
EFFECTIVE FIELD THEORY INTERACTIONS

In this study, the detector parameters and background
models used are consistent with those used in the analysis
of LUX’s first results [10]. LUX’s yields are quantified by
the gain factors g1¼hS1correctedi=nγ ¼0.117�0.003 phd=
photon and g2 ¼ hS2correctedi=ne ¼ 12.1� 0.8 phd=
electron, where nγ is the absolute number of photons
produced in an interaction, ne is the absolute number of
electrons, and hS1correctedi and hS2correctedi are the average

of the measured S1 and S2 signals after correcting for
position-dependent variations [10]. Pulse areas are mea-
sured in units of detected VUV photons (phd) rather than
the more traditional units of photoelectrons (phe), in order
to incorporate the contribution of double-photoelectron
emission from the PMT photocathodes [36]. In effect, g1
measures the average probability to detect an S1 scintilla-
tion photon; g2 measures the average number of detected
S2 photons per electron leaving an interaction vertex.

A. Extending the LUX WIMP search window

The search window chosen for the standard LUXWIMP
analyses gives sensitivity to xenon nuclear recoils (NRs) up
to roughly 40 keV. However, the recoil spectra from many
effective operators, seen in Fig. 2, have significant ampli-
tude at energies above this range. Unfortunately, studies in
the literature on LXe’s response to NRs aboveOð100 keVÞ
are limited. An in situ measurement of LUX’s response
to a monoenergetic neutron source gives an endpoint NR
energy of 74 keV [32]. Measurements exist in the literature
of LXe’s NR response extending to much higher energies
[37], the highest coming from the endpoint of AmBe
neutrons, at 333 keV. The Noble Element Simulation
Technique (NEST) software package [38] utilizes the
world’s literature on LXe’s NR response (including these
measurements at high energy) and can interpolate across
the range of energies of interest in this study.
An additional challenge encountered when extending the

WIMP-search window to higher energies is the presence of
residual 83mKr decays (t1=2 ¼ 1.8 hrs). This isotope was
periodically injected into the LXe for calibration purposes,
and trace amounts often remained in the fiducial volume
after the conclusion of such a calibration. The source
deposits 41.5 keVmainly in the form of internal-conversion
and Auger electrons; these electronic recoils (ERs) produce
scintillation and ionization signals that are similar to that of
a 210 keV NR (LXe responds to ERs and NRs differently).
As a result, residual 83mKr presents no background for a
standard WIMP search, but it can potentially impact studies
which search for higher-energy NRs. To avoid this, we
restrict our data sample to events whose energy is less than
5σ below the peak observed from 83mKr, which corresponds
roughly to 150 keV NRs. The low-energy NR response of
LUX has been measured down to 1.1 keV, below which we
conservatively assume LXe has no response. The signal
acceptance as a function of NR energy is shown in Fig. 3,
as well as a comparison to that from the standard
WIMP search.

B. WIMP-neutron and WIMP-proton limits

LUX’s first WIMP-search run consisted of 95 livedays
of data after removing periods of detector instability.
A conservative fiducial radius of r < 18 cm is chosen in
the present work in order to avoid background events
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originating from the decay of radon daughters implanted on
the detector wall. This fiducial radius, together with a z-cut
of 8.45 cm < z < 48.62 cm (as measured from the bottom
PMT windows) corresponds to a fiducial mass of 118 kg.
This fiducial volume is the same as used for previous
LUX searches for axions and sub-GeV dark matter using
the 2013 dataset. Basic data quality cuts are applied to
eliminate pathologies such as long tails of pulses following
large S2s. In order to remove the majority of events arising
from electronic recoils, we accept only events whose S2
value lies below the median expected (as a function of S1)
for a NR source. Though the exact form of this median S2
curve depends on the energy spectrum of NR, we define the
signal-acceptance region here based on the median S2
value of a broad-energy source. Exact signal acceptance
values, which will differ from 50%, are calculated indi-
vidually for each WIMP mass and operator. Varying the
parameters of the nuclear response model used here [38]
within their uncertainties shifts the position of the NR band
by ∼1%, which is therefore a small source of uncertainty in
the signal acceptance. A more significant source of uncer-
tainty in the signal acceptance arises from the association
of the high-energy bound of the search window (the gray
curve in Fig. 4) with a particular NR energy. Since few
measurements exist in the literature of LXe’s NR energy
response in this range, this correspondence carries with it a
10% uncertainty (dominated by the uncertainty in the
measurement of the NR endpoint of AmBe neutrons at
333 keV). Signal models which feature recoil spectra
safely below this bound (e.g., low-mass WIMPs interactiv-
ing via O1) are not affected by this uncertainty, but the
recoil spectra associated with other signal models can
extend well above this bound, and therefore their signal
acceptance is affected accordingly. The operator whose

signal-acceptance uncertainty is most affected by this
feature is O9; the relative uncertainty in its signal accep-
tance reaches 14% at WIMP masses of 1000 GeV. In
addition to the event-selection criteria mentioned above, we
cut events with an S2 lying greater than 3σ below the
median of the NR band. The events passing all of these cuts
are shown in Fig. 4. After all cuts, there were a total of nine
events observed in the WIMP search region.
The background model used in previous LUX WIMP

searches, derived from the GEANT4-based LUXSim pack-
age [39], comprises ER signals from 232U=238Th=40K
decays in solid detector materials, as well as dissolved
85Kr, 37Ar, and 214Pb (a 222Rn daughter) decays in the LXe
bulk. When combined, these many sources conspire to
produce a background ER spectrum roughly flat in energy.
The simulated spectrum in the region of interest in the
present work is shown in Fig. 5. The events below the −3σ
contour of the NR band seen in the data (Fig. 4) contribute
negligibly to the standard, low-energy WIMP search, yet
constitute a distinct departure from these expected back-
grounds at higher energies. It is expected that these events
arise from misidentified multiple gamma-ray scatters; this
can happen when, for example, the gamma ray scatters
once in the active region, and once in a charge-insensitive
region (e.g., below the cathode grid). In such a scenario,
only a single S2 pulse is observed (leading to the mis-
identification), while the S1 pulses from both scatters are
reconstructed together in time. A precise model for this
class of backgrounds is challenging and is currently under

FIG. 3. LUX detector efficiencies used to define the search
window for WIMPs undergoing EFT interactions with xenon
nuclei in the LUX target. The extension of the search window to
higher energies is important as many EFT operators have
significant signal response at energies much higher than in the
standard WIMP search. The background-discrimination cut
(∼50% acceptance) is not included in this plot.

FIG. 4. All events in the 95-liveday LUX 2013 WIMP search
dataset in log10ðS2Þ vs S1 parameter space, for a 118-kg fiducial
volume, after all cuts. The solid blue curve indicates the median
of the NR band as predicted by NEST, which has been tuned to
NR calibration data (this differs slightly from LUX standard
WIMP analysis of the same data, which used the NR band as
measured with calibration data). The dashed blue line shows the
corresponding median—3σ contour. Events that lie between
the solid and dashed blue lines are highlighted as red squares.
The gray curve is a contour of constant energy (corresponding to
NRs of 150 keV), and defines the upper boundary of the search
window; it is chosen to remove events originating from the decay
of 83mKr (dense population of black points). Overall, nine events
appear in the signal region.
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investigation. Because of this, we choose to forgo back-
ground subtraction, and instead derive an upper limit
treating all events as possible signal.
We extract one-sided upper limits on the WIMP–nucleon

cross section using the pmax test statistic [40]. In the
presence of an unknown or difficult-to-model background,
this technique is in general able to find a more stringent
(though conservative) upper limit compared to one
obtained from a naive Poisson modeling of the number
of observed events. Given N observed events distributed
in one dimension (in our case, S1), there exist ðN þ 1Þ
ðN þ 2Þ=2 intervals along this dimension between all
possible pairwise combinations of the N events (including
the two endpoints of the search region). In each such
interval, i, the observed number of events in the interval is
compared to the expected number of events (found by
integrating a particular signal model over the interval) by
calculating the Poisson probability, pi, of having observed
more events. A value of pi close to unity indicates that the
interval in question contains significantly fewer events than
one would expect given the signal model in question. The
maximum pi over all intervals, pmax, is a function of the
total expected number of events in the whole search
window, and is used as a test statistic. Although the pi
quantities are defined as probabilities, the value of pmax
cannot be interpreted as a probability because of its
selection as the most extreme value over the ensemble
of pi. Instead, the distribution of the pmax test statistic at
various signal strengths is computed, from which a one-
sided 90% frequentist confidence band is constructed. For a
given WIMP mass, EFT operator, and nucleon coupling,
the EFT coupling constant is varied until the observed pmax
value falls outside of the confidence band; this point is then
treated as the 90% C.L. upper limit. We set limits on

coupling constants separately for neutron and proton
couplings. For example, the upper limit on the coupling

constant cðnÞ9 , associated with pure-neutron coupling via

O9, is found by assuming cðpÞ9 ¼ cðp;nÞi≠9 ¼ 0. A selection of
these limits are shown in Fig. 6. The signal models, shown
in Fig. 2, are compiled by averaging over xenon isotopes,
weighted by natural abundance. Numerical form factors for
each of the operators O1–11 are obtained from [17], while
form factors for the exotic operators O12–15 are calculated
using the Mathematica package DMFormFactor created
by N. Anand et al. [21,41]. We assume a spin-1

2
WIMP,

although the formulas in Sec. II accommodate a WIMP of
any spin. Operators which involve the spin of the nucleus
(S⃗N) may couple only to 129Xe and 131Xe, whose spins are
dominated by an unpaired neutron; as a result, the pure-
proton limits for these operators are relatively weak.
We compute favored regions of parameter space for two

experiments reporting an excess of WIMP-like events in
their data. The DAMA/NaI and DAMA/LIBRA experi-
ments, which consist of a combined 2.46 ton-years of data
taken with an array of sodium iodide crystals, report a
12.9σ combined annual modulation result consistent with
a WIMP [14]. We convert the reported 90% confidence

regions in the σSI-WIMP mass plane to a region in cðn;pÞ2i vs
WIMP mass space using the ratio of the integrated SI recoil
spectrum to the integrated Oi recoil spectrum over the
relevant energy window, taking into account the reported
detector efficiencies in Fig. 26 of [42].
Finally, we estimate EFT sensitivities of a future

“Generation-2” multi-tonne LXe experiment. We take
the parameters of the upcoming LUX-ZEPLIN (LZ) experi-
ment [43] as a baseline for this estimation: 5600 kg fiducial
mass, 1000 days livetime. The LZ experiment predicts a
background of 6.18 events in an NR range of 6–30 keV
[44], after a 50% signal-acceptance cut to veto ERs. We
wish to estimate how such a background prediction would
scale to an extended energy window (as is done in this
work) up to 150 keV. The ER and NR bands in LXe diverge
at high energies, with negligible overlap for NRs above
∼75 keV; because of this, we assume this 6.18 predicted
background events scales linearly when extending the
signal window up to 75 keV, with no further background
contribution for NRs in the range 75–150 keV. We estimate
90%-C.L. sensitivity of such a G2 experiment with this
predicted number of background counts using the frequent-
ist methods of Feldman and Cousins [45]. These predicted
G2 sensitivities are shown as red-dashed curves in Fig. 6.
The XENON100 [46] and PandaX-II [47] collaborations

have released results on EFT studies, also using LXe
as a detector target. However, these collaborations
have chosen to perform their analyses in ways that make
direct comparison to our results (and to each other)
infeasible: XENON100 presents results based on pure-
isoscalar and pure-isovector couplings (rather than

FIG. 5. Simulated ER background event density in LUX for a
118-kg fiducial volume (18-cm radius). The median (solid blue)
and median—3σ (dashed blue) contours of the NR band are
shown. The WIMP signal region is defined as the region between
these two blue contours, up to the gray contour which represents a
nuclear recoil energy (ENR) of 150 keV.
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pure-proton/pure-neutron as we have done here); PandaX-II
also chooses to set constraints on isoscalar/isovector cou-
plings, but in addition uses a relativistic EFT framework
(rather than the nonrelativisitic framework used by
XENON100 and us). Because of this, we show no

comparisons to XENON100 and PandaX-II in this work,
and note the need for the community to come to a consensus
in future EFT studies which will facilitate such comparisons.
Despite these different approaches, the results from all three
experiments are likely to offer similar sensitivity.

FIG. 6. Limits on the WIMP-neutron and WIMP-proton coupling constants associated with an example selection of EFToperatorsO1

(the standard SI operator, no dependence on momentum q),O3 (generates Σ0 andΦ00 responses proportional to q2),O4 (a spin-dependent
operator with no dependence on q), O5 (generates M and Δ responses proportional to q2), O6 (generates a Σ00 response proportional to
q4), O9 (generates a Σ0 response proportional to q2), O11 (generates an M response proportional to q2), and O13 (generates Σ00 and Φ̃0

responses proportional to q2).
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V. CONCLUSION

Typical dark matter direct detection analyses, by assum-
ing strictly nonrelativistic momenta, greatly restrict the
space of possible WIMP-nucleon interactions that can be
investigated. Motivated by the unresolved tension between
experimental results and the absence of a definitive positive
detection despite great advances in detector sensitivities,
many dark matter searches are beginning to broaden the
scope of their approaches. This includes searching for
extremely light or heavy WIMPs, isospin-violating
WIMPs, or WIMPs that undergo exotic interactions with
nuclei. The effective field theory summarized here enables
the exploration of a rich parameter space in a more model-
independent way, allowing for WIMP-nucleon interactions
of greater complexity. Underneath this framework, the
possible signalmodels producevery different spectral shapes
than the standard SI or SD interactions, motivating the
expansion of search windows to encompass higher-energy
nuclear recoil events. In addition to SI and SD responses,
novel nuclear responses such as angular-momentum-depen-
dent (LD) and scalar or tensor spin-orbit (LSD) responses can
be produced. The magnitude of each of these nuclear
responses varies between targets, so it is possible that event
rates are greatly suppressed in one experiment compared to
another and that an array of complementary targets are
needed to rule out all possible WIMP scenarios.
Here, we have significantly widened the LUX SI WIMP

search window to higher energies, and we have used the
resulting dataset to calculate limits on the interaction
strengths of all 14 EFT operators. For all scenarios
except those where WIMPs interact with nuclei primarily
through a WIMP-proton operator that produces only spin-
dependent responses, LUX produces the tightest WIMP-
nucleon interaction constraints. Future generations of direct
detection experiments should therefore consider both odd-
neutron and odd-proton targets to ensure full coverage of all
available parameter space.
An effort is now underway to streamline and incorporate

effective field theory signal models into the profile like-
lihood ratio analysis detailed in [11] to search for exotic
dark matter interactions in the full LUX exposure. We
anticipate that the additional sensitivity of next generation
detectors, coupled with the more comprehensive analytical
framework discussed in this paper, will help clarify the
nature of dark matter to a much greater degree than possible
in previous WIMP analyses.
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