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The LUX-ZEPLIN (LZ) experiment is a dual-phase xenon time project chamber operating in the Sanford
Underground Research Facility in South Dakota, USA. We report on the results of a relativistic extension to
the nonrelativistic effective field theory (NREFT) from a 5.5 t fiducial mass and 60 live days of exposure.
We present constraints on couplings from covariant interactions arising from the coupling of vector, axial
currents, and electric dipole moments of the nucleon to the magnetic and electric dipole moments of the
weakly interacting massive particle which cannot be described by recasting previous results described by an
NREFT. Using a profile-likelihood ratio analysis, in an energy region between 0 keV,, to 270 keV ., we
report 90% confidence level exclusion limits on the coupling strength of five interactions in both the

isoscalar and isovector bases.

DOI: 10.1103/PhysRevLett.133.221801

Introduction—The current generation of dark matter
(DM) direct detection experiments, searching for weakly
interacting massive particles (WIMPs), such as LZ [1],
XENONNT [2], and PandaX [3], have already probed a
large parameter space for WIMPs. These experiments have
typically focused on spin-independent (SI) and spin-
dependent (SD) WIMP-nucleon interactions with WIMP
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masses of a few GeV/c? to tens of TeV/c?. The recent null
results from both LZ [4] and XENONnNT [2] motivate the
need to investigate other models.

Using an effective field theory (EFT), such as that
developed by Fan ef al. [5] and Fitzpatrick et al. [6], it
is possible to probe a wide variety of dark matter inter-
actions and parameters in a model-independent way. It is
possible to produce a complete set of effective operators
that describe the possible interactions between WIMPs and
standard model (SM) particles, making it an attractive
way to increase the potential sensitivity of direct detection
experiments beyond the standard SI and SD interactions.
A nonrelativistic effective field theory (NREFT) frame-
work has already been used to probe some of the
potential interactions, such as in LUX [7], XENONIT [8],
PandaX-II [9], and LZ [10]. The operators in this NREFT
can be mapped onto covariant Lagrangians, via a non-
relativistic reduction of the relativistic fields, allowing for
more complex interactions to be studied [5,6]. Specifically,

221801-2
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since these Lagrangians are relativistic, they are powerful
probes of potential WIMP interactions, parameters, and
structure in a way previous NREFT, SI, and SD studies
are not.

In this Letter, we perform a search for signals arising
from five covariant SD Lagrangians that describe possible
interactions between WIMPs and nucleons. The inter-
actions studied give insight into the potential millicharged
nature of the WIMP [11]. In this case, the WIMP can be
composed of multiple charged particles, or be a funda-
mental particle with charge itself. We analyze data taken by
the LZ experiment during its first science run using an
extended energy window, previously described in Ref. [10],
and perform a statistical analysis to constrain the coeffi-
cients associated with each Lagrangian.

Theory—SD interactions between the WIMP and
nucleon can be comprised of WIMP magnetic and electric
dipole moments, axial-vector interference terms, and tensor
interactions in addition to the standard SD physics pre-
viously studied. In this analysis, we focus on spin-1/2
WIMPs where interactions with the target nucleus are of
dimension 5 or higher, following what has been described
by Anand et al. [12]. The energy scale of these interactions
is set by the maximum momentum transfer of ~200 MeV,
which is determined through considerations of the WIMP
mass and escape velocity. WIMP-nucleon interactions are
constructed from the available bilinear products of scalar
and four-vector interactions resulting in 22+ 42 = 20
separate interaction Lagrangians. These consist of six main
interaction types: scalar, pseudoscalar, vector, axial vector,
magnetic moment, and electric dipole moment interactions.
In this analysis, we only consider Lagrangians that incor-
porate electric dipole, covariant vector, or a magnetic
moment coupling component in the interaction, shown
in the rightmost column of Table I.

A nonrelativistic reduction is done between the covariant
Lagrangian and the NREFT operators by replacing the
spinors in the fields with the low-momentum counterparts
following the prescription in Ref. [12]. When using the
NREFT, we consider a four-body covariant interaction
between the WIMP and the nucleon described by a
Lagrangian

TABLE I.

Liy = d7OxNOyN., (1)
where j is an index of the Lagrangian and d; is the
dimensionless coupling to be determined by the experiment
that measures the effective strength or size of the inter-
action. 7, y, N, and N represent the nonrelativistic fields
of the dark matter candidate particle and nuclear targets.
O, and Oy are the nonrelativistic WIMP and nucleon
operators described in Ref. [12]. To write our covariant
interaction in terms of this NREFT we can take for
example Lg:

a
ﬂ)ﬂviaﬂaq—N. (2)
my my

'CIO == )_(iGMD

The leading terms come from the spatial components, so
we can make the following transformations: y# — y' and
0" — ¢!. We then define dimension as 4+ number of
powers of m,, in the denominator of the covariant inter-
actions seen in Table I, where m,, is a normalization
parameter introduced to normalize interaction to a dimen-
sionless value. Given then that the relationship between
particle spin and the Pauli matrix is defined as ¢/ = 2S5, we
can transform Eq. (2) into

£10:4<ix§>-<ix SN>. (3)
myy myy

. — —
From Ref. [12] we can retrieve that O, = S, Sy and

— = — =
Og =[S, - (g/my)][ Sy - (§/my)] and rearrange Eq. (3) to
find the reduced form of the interaction as

-2 m2
Lio= 4(“’—204 ——506). (4)
My My

We adopt this nonrelativistic reduction for our analysis as it
enables us to use existing nuclear shell model calculations
when computing recoil spectra. Similar steps are taken
to relativistically match nonlinear combinations of the
NREFT operators to the other covariant interactions of
interest. The reduced Lagrangians written in terms of the
operators can be seen in the center column of Table L.

Interactions considered in this analysis, with j referring to the numerical index of the specific Lagrangian, out of the total

possible 20. For each Lagrangian, the relation to the NREFT operators (Q) is given in addition to the interaction that is generated [5,6].
Lagrangians: vector (Ve), electric dipole (ED) and magnetic moment (MM).

WIMP-Nucleon

j E{m %c;0; interaction
6 27" aNic (g /my)N (@%/2mymp) Oy = 2(my [ myg)O5 + 2(my, /mym, ) [(g* /m3;) Oy — O] Ve-MM
9 zio™ (q,/my)yNy,N (G /2m,my) Oy + (2my /my)Os — 2(my /my)[(§%/m3) Oy — O] MM-Ve
10 yio"(q,/my)xNio,.(q"/my)N 4[(g*/m3) Oy = (my/m3) Og) MM-MM
12 izic* (q,/my)yNic,(q* /my)y° N —(my/m,)(G*/m3y)O1g — 4(G*/m3y) O1z — 4(m3 /myy) Oss MM-ED
18 iyic™(q,/my)r’ ¥ Nic,q(q*/my)N (g% /m3y) Oy +4(m3,/m3 ) O ED-MM
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None of the interactions presented in this analysis can be
obtained from simple linear reordering of NREFT oper-
ators. This is because in the reduced form, each operator
term contains differing dependence on momentum
transfer ¢. Differing powers of g prevent obtaining the
Lagrangian result from the limits determined by previous
work finding coefficients for each operator alone, as in
Ref. [10]. This work therefore probes dark matter inter-
actions beyond that of determining operator coefficients in
isolation.

Interactions are normalized to a dimensionless value by
including the term m,, in the denominator of all momentum
terms. The m,, term is set equal to the nucleon mass my,
normalizing the WIMP and nucleon momentum to the
nucleon scale, as this is the natural scale for a theory
dealing with nucleon interactions. This choice allows us to
extract information such as the size of the WIMP magnetic
or electric dipole moments from the measurement of the
dimensionless coupling parameter d;.

LZ detector—The LZ experiment, located in the Davis
Campus of the Sanford Underground Research Facility, in
South Dakota, USA, is centered around a low-background
dual-phase time project chamber (TPC) detector containing
7 tonnes of liquid xenon (LLXe) in the sensitive volume
[1,13]. The cylindrical TPC is equipped with an array of
photomultiplier tubes (PMTs) at the top and bottom of the
detector. These PMTs detect the energy depositions in the
detector that typically make two signals. The first is prompt
scintillation light (S1) and the second is a delayed signal
(S2) caused by the electroluminescent light that occurs
when electrons reach the top of the detector due to an
electric field. The TPC is surrounded by an active LXe Skin
veto detector that tags gamma-ray photons entering or
exiting the TPC. Enclosing the entire cryostat is the outer
detector (OD), which is composed of 17 tonnes of
Gd-loaded liquid scintillator and 238 tonnes of ultrapure
water to detect neutrons and muons.

The dataset used for this analysis was collected between
December 2021 and May 2022 and corresponds to a total
live time of 60 days with a fiducial mass of 5.5 tonnes.
The detector condition during this period is detailed in
Refs. [4,10]. The validation of the response of the detector
to nuclear recoil (NR) and electron recoil (ER) recoil
events, as well as the determination of the position-
corrected S1 and S2 (S1, and S2.) scaling factors, is
performed using calibration data and NEST 2.3.7 [14,15] as
outlined in Ref. [10].

Analysis—The couplings of each Lagrangian are
explored using the first science run of LZ in an extended
energy region, as previously used in Ref. [10]. An unbinned
frequentist profile likelihood ratio test is performed
between background and signal plus background in the
(S1., log;o(S2.)) observable space. S1. is constrained
between 3 and 600 photoelectrons (phd) and log;((S2.) <
4.5, mirroring the range used in Ref. [10].

The backgrounds in the dataset, estimated in Ref. [10], are
dominated by a flat-ER component comprised of 2!?Pb,
214pb, and ¥Kr. Other contributions to the ER background
are J7Ar, '%Xe, 2"Xe, 3Xe, 'I, solar neutrinos, and
Compton scatters from detector components. The NR back-
grounds considered are from ®B coherent neutrino-nucleus
scattering and the scattering of neutrons originating from
detector materials. The best-fit values for each is less than
one [10]. Additionally, uncorrelated S1 and S2 pulses that
may pair into accidental single scatter pairs are considered.

The recoil spectrum for each Lagrangian is generated
using WimPyDD [16] with modified Xe one-body nuclear

&

10 T T

Events/kg/day/keV

Events/kg/day/keV

>
(0]
=
z
<
)
=
g
& V
Lis '
-11 PR ol X X |
10 10' 10°
True Nuclear Recoil Energy [keV]
FIG. 1. Differential recoil spectra from the five covariant

WIMP-nucleon Lagrangians considered in this analysis. Shown
are the isoscalar (solid line) and isovector (dashed line) for a
1000 GeV/c> WIMP. The Lagrangians are categorized by the
WIMP interaction: vector (top), magnetic moment (middle), and
electric dipole (bottom) interactions. The spectra were generated
with a dimensionless coupling strength of unity. The shaded gray
regions indicate the energies at which the detection efficiency is
below 50% after all data analysis cuts have been applied (as
described in Ref. [10]).
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0.5 1.0 15 2.0 25
logy(S1c [phd])

FIG.2. The final high energy WIMP-search data after all cuts in
{log(S1c),log;((S2¢)} space. The contours that enclose lo
(dark) and 2.5¢ (light) regions represent the following models:
the shaded red region indicates neutrons originating from detector
materials, the shaded orange region indicates Compton scatters
from detector components, the blue region is the combined
representation of all other ER models (>'*Pb, 2!?Pb, Kr, VAr,
1251 124xe 127Xe, 136Xe and v ER), and the black dashed lines
show a 1000 GeV/c? L, isoscalar signal model. The solid red
line corresponds to the NR median, while the red dotted lines
represent the 10%-90% percentiles. The model contours are
produced with a linear scale for S1, prior to being plotted on a log
scale and take into account all the efficiencies used in the
analysis. Contours of constant recoil energy have been included
as thin gray lines. Grayed regions at the left and top of the plot
indicate parameter space outside the energy region of interest.

density matrices to take into account more up to
date calculations [17,18]. Following the convention set
in Ref. [19], the WIMP velocity distribution, f(v),
is described by the standard halo model with

Ug = (11.1,12.2,7.3) km/s (solar peculiar velocity) [20],
vy = (0,238,0) km/s (local standard of rest velocity)
[21,22], and v, = 544 km/s (galactic escape speed) [23].
The local DM density, p,, is taken as 0.3 GeV/ cm? [24].
Figure 1 shows the differential rate spectra for a
1000 GeV /c* WIMP-nucleon isoscalar interaction for each
Lagrangian considered in this analysis. We consider both
isoscalar and isovector bases to allow future comparison
with experiments with potentially different target nuclei.

Figure 2 shows the {log;((S1c¢),log;((S2¢} distribution
of the 835 events which pass all selections, along with
contours representing a 1000 GeV/c? L isoscalar signal
model (representative of signal models that peak at nonzero
energy), and the background model.

Results—No significant evidence of an excess is found
in either the isoscalar or isovector bases. Unbinned
Kolmogorov-Smirnov tests comparing the reconstructed
energy distributions of the data and the background-only
model give p values of 0.392. This shows consistency with
the background-only scenario for all Lagrangians and
WIMP masses tested. The interaction coupling parameters,
d;, for Lg 9 10,12,18 are constrained, and shown in Figs. 3
and 4. Where available, previous limits on Lagrangians
from PandaX-II [9] are shown for comparison. Each limit
has a power constraint applied, such that the probability of
excluding any d; coupling strength, if the background-only
hypothesis is true, is not less than 0.16. This restricts the
upper limit from dropping below 1o of the median expect-
ation due to underfluctuations in the data [19].

The shape of each limit, and therefore the corresponding
mass of maximum sensitivity, varies with the expected rate
of events seen in the recoil spectra, shown in Fig. 1. Thus,
Lagrangians with rates that increase at higher mass will
have maximum sensitivity at higher mass. At masses above

T — T T — T

dg (dimensionless)
dj (dimensionless)

dj, (dimensionless)

WIMP Mass [GeV/c?]

WIMP Mass [GeV/c?]

T T T

=

7 (dimensionless)

dfs (dimensionless)

WIMP Mass [GeV/c?]

FIG. 3.

WIMP Mass [GeV/c?]

The 90% confidence limit (black lines) on the dimensionless isoscalar interaction couplings d; for each of the five interactions.

The black dotted lines show the medians of the sensitivity projection, and the green and yellow bands correspond to the 1o and 26
sensitivity bands, respectively. Also shown are the results from PandaX-II experiment in blue where available [9].
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dg (dimensionless)
d§ (dimensionless)

sl PR |

T

T — m T T

{o (dimensionless)

10 10° 10°
WIMP Mass [GeV/c?]

WIMP Mass [GeV/c?]

df, (dimensionless)

dy (dimensionless)

WIMP Mass [GeV/c?]

WIMP Mass [GeV/c?]

FIG.4. The 90% confidence limit (black lines) on the dimensionless isovector interaction couplings d; for each of the five interactions.
The black dotted lines show the medians of the sensitivity projection, and the green and yellow bands correspond to the 16 and 26
sensitivity bands, respectively. Also shown are the results from PandaX-II experiment in blue where available [9].

30 GeV/c?, some Lagrangians show limits weaker than the
median expectation. This is due to the measured over-
fluctation of events in the NR band. These events can be
seen as the data points that fall below the blue 2.5¢ contours
of the ER band in Fig. 2. However, all of these events are
consistent with ER leakage as described in Refs. [4,10].

The lower bounds of each Lagrangians are near, or below
in the case of L, the nominal weak scale where d; ~ 1.
These results give us information on the absolute size of the
WIMP magnetic and electric dipole moment and their
coupling to nucleons since we have normalized to the scale
of the nucleon (m,; = my). A data release for this result is
in the Supplemental Material [25].

Conclusion—This Letter presents the results of a search
for covariant vector, electric dipole moment, and magnetic
dipole moment interactions between a WIMP and a nucleon.
Ten different interaction nuclear recoil spectra were gen-
erated using relativistically matched NREFT operators.
Using a frequentist statistical analysis between data and
model, no excess is observed for any model. Limits on the
interaction coupling strength, d;, were placed, for masses
between 9 GeV/c?> and 4000 GeV/c? for isoscalar and
isovector interactions. This work places the strongest con-
straints to date for every model tested. These results help
elucidate possible physics that may explain the behavior of
the WIMP and its interactions with SM particles.
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