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‘We present experimental constraints on the spin-dependent WIMP-nucleon elastic cross sections
from LUX data acquired in 2013. LUX is a dual-phase xenon time projection chamber operating at
the Sanford Underground Research Facility (Lead, South Dakota), which is designed to observe the
recoil signature of galactic WIMPs scattering from xenon nuclei. A profile likelihood ratio analysis
of 1.4x10* kg-days of fiducial exposure allows 90% CL upper limits to be set on the WIMP-neutron
(WIMP-proton) cross section of o, = 9.4x10™*" cm? (5, = 2.9% 1073% cm?) at 33 GeV/c?. The
spin-dependent WIMP-neutron limit is the most sensitive constraint to date.
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The Weakly Interacting Massive Particle (WIMP) is
one of the leading candidates for explaining the observed
abundance of dark matter in the universe [I]. Astronom-
ical evidence for the existence of dark matter ranges from
galactic to cosmological scales [2H4]. However, its exact
composition remains unknown. WIMPs arise in many
extensions of the Standard Model of particle physics and
are expected to have a small coupling to ordinary matter
[5]. The Large Underground Xenon (LUX) experiment is
designed to detect the low-energy scattering of galactic
WIMPs with atomic nuclei.

LUX is a dual-phase xenon time projection chamber
(TPC) with 250 kg active mass, currently operating at
the Sanford Underground Research Facility (SURF) in
Lead, South Dakota [6]. A WIMP interaction in the de-
tector gives a low energy nuclear recoil (S 100 keV), pro-
ducing prompt scintillation light (S1) and ionization elec-
trons. An applied electric field (180 V/em between the
cathode and gate electrodes) drifts the electrons upwards
into the gaseous phase of the detector, where they pro-
duce electroluminescence (S2). Photons are detected by
two arrays of photomultiplier tubes (PMTs). The differ-
ence in arrival time between the S1 and S2 signals gives
the depth of the interaction, and the (x,y) position is
found from the localization of the S2 in the top PMT ar-
ray. The ability to reconstruct positions of interactions
in three dimensions allows fiducialization of the active
volume, avoiding higher background regions near the de-
tector walls and enabling rejection of multiple scatters.
Electronic recoils (ER) are distinguished from nuclear re-
coil (NR) interactions by the ratio of the charge (S2) and
scintillation (S1) signals.

LUX published world-leading limits on the spin-
independent (SI) WIMP-nucleon scattering cross sec-
tion from an exposure of 1.1x10* kg-days in 2013 [7],
for WIMP masses above 5.7 GeV. After collecting these
data, a low energy NR calibration [8] was performed with
a DD neutron generator. This allows the charge and
light response to be evaluated down to 1.1 keV, below the
3 keV recoil energy cut-off imposed in the original analy-
sis. In addition, high statistics ER calibration data were
acquired with a tritium source dissolved in the active lig-
uid xenon [9], improving the characterization of the de-
tector response to low energy ER interactions. A further
10 live days of WIMP search data were added taking the
exposure up to 95 live days (1.4x10* kg-days). Other im-
provements were made to the background model, vertex
reconstruction, and event selection. These improvements
motivated a reanalysis of the 2013 data, enhancing the
sensitivity of the LUX experiment [I0]. The SI result is
compatible with the background-only hypothesis and sets
a 90% confidence upper limit on the WIMP-nucleon cross
section of 5.6x10746 cm? at a WIMP mass of 33 GeV /c?.
Now we use the reanalysed data to also set limits on the
spin-dependent (SD) WIMP-proton and WIMP-neutron
scattering cross sections.

The case for an axial-vector (spin-dependent) inter-
action is well motivated and occurs in various theories
beyond the Standard Model of particle physics, includ-
ing supersymmetry [I1], universal extra dimensions [12],
and little Higgs theories [13, [14]. For the non-relativistic
velocities of galactic WIMPs, the scattering is mostly co-
herent across the whole nucleus. For isospin-conserving
interactions, this leads to an enhancement of the scalar
(spin-independent) interaction proportional to A2. For
the SD case there is cancellation between the spins of nu-
cleon pairs so the A2 enhancement is not present. There-
fore, nuclei with even numbers of protons and neutrons
have almost zero nuclear spin, giving a negligible con-
tribution to the SD interaction. However, models exist
where the SI interaction is suppressed [15], making it es-
sential to search for the SD interaction, and moreover,
xenon is sensitive to this interaction because it contains
isotopes with non-zero spin.

SI and SD are not the only possible interactions. In
a general, non-relativistic effective field theory treatment
there are several possible operators [16]. In particular,
there are two ways in which WIMPs can couple to spin,
with the projection of the spin either parallel or perpen-
dicular to the momentum transfer. The standard SD re-
sponse is a linear combination of these, only including
operators which are non-vanishing at zero momentum
transfer. Constraints on the complete set of operators
will be presented in a future publication.

For direct detection experiments the principal mea-
sured quantity is the standard WIMP-nucleus cross sec-
tion 9. The WIMP-nucleus differential cross section for
momentum transfer ¢ for the SD interaction can be writ-
ten in terms of oy [I7]:

do 8G% oo Salq) (1)

i = T+ e A = 42035, 0y

where G g is the Fermi constant, uy is the WIMP-nucleus
reduced mass, .J is the total nucleus spin, v is the WIMP
velocity relative to the target and S4 is the spin struc-
ture function. S, is analogous to the form factor in the
SI case; it describes the spin distribution within the nu-
cleus. All momentum dependence is contained in the
Sa(q) term. In order to compare direct detection ex-
periments with different target nuclei the WIMP-nucleon
cross section is required. For ¢ = 0, S4 reduces to:

(2] +1)(J +1)

54(0) = 4 J

(a0 +a1)(Sp) + (a0 —a1)(Sn)?,

(2)
where (Sp,,) are the proton or neutron spin expectation
values averaged over the nucleus and ag; are the isoscalar
and isovector couplings. These are related to the WIMP
couplings to protons and neutrons by ag = a, + a, and
a1 = ap — an. Then, af = a1(1 4 daq1(0)) includes the



effects of two-body currents in the § termE which repre-
sent couplings between a WIMP and two nucleons [I8§].
In this zero-momentum transfer limit we can separate the
two cases of “proton-only” (ag = a3 = 1) or “neutron-
only” (ag = —a1 = 0) couplings and write:

2,27 +1) oy
O- = .
p,n SA (0)

Sa(g) can be obtained from detailed nuclear shell
model calculations. The result depends on which nuclear
states are included and the allowed configurations of nu-
cleons within those states. There are also differences in
the nuclear interactions accounted for. The calculation
used here is from Klos et al. [I7]. It includes the largest
number of states and allowed configurations compared to
previous theoretical treatments in the literature. The or-
der of the experimentally-measured nuclear energy levels
in xenon is reproduced well. In addition, the Klos et al.
result uses a chiral effective field theory treatment of the
nuclear interactions including two-body currents. These
structure functions are an update of those in Ref. [I9].
Within the recoil energy range of interest, changes to the
neutron-only structure function are small: at most 5%
for 129Xe, and a maximum 20% increase for '3'Xe. For
proton-only the structure function is smaller than pre-
viously: as the recoil energy increases the difference in
129X e rises to 30% and in 3!Xe to 50%. We also com-
pare to the structure function calculation of Ressell and
Dean with the Bonn A nucleon-nucleon potential [20],
which has been extensively used in previous SD results.
This includes the same states as Ref. [I7], but has more
truncations in the allowed configurations of nucleons and
only includes interactions with one nucleon.

There are two naturally-occurring xenon isotopes with
an odd number of neutrons, ?Xe and *'Xe (abun-
dances 29.5% and 23.7%, respectively). Therefore, the
“neutron-only” sensitivity is much higher than “proton-
only”, as the majority of the nuclear spin is carried by
the unpaired neutron. When only WIMP interactions
with one nucleon are considered, the choice of ay, above
corresponds to WIMPs either coupling to only protons or
neutrons. However, once two-body currents are included
an interaction between a WIMP, a proton, and the un-
paired neutron can occur even in the “proton-only” case.
Therefore, this gives a significant enhancement to the
structure function for “proton-only” coupling, while only
slightly reducing the “neutron-only”.

Single scatter events (one S1 followed by one S2) within
the fiducial volume (radius < 20 cm, 38-205 us drift time,
or 48.6-8.5 cm above bottom PMT faces in z) are selected

yro (3)

1 Most previous analyses have not included 2-body currents, which
simplifies this equation.

for the analysis. A total of 591 events are observed in the
region of interest (c.f. Figure 2 in Ref. [I0]) during an
exposure of 1.4x10* kg-days. The background rate orig-
inating from NR events is negligible [I0] but ER events
produce a significant background. The ER backgrounds
include external gamma-rays from detector materials,
127X e x-rays, and contaminants in the xenon (¥Kr, Rn)
[2I]. The tritium dataset allows Monte Carlo simula-
tions [22] to be tuned to ER calibration data, which is
then used to generate PDFs (in S1 vs. S2) for these
ER backgrounds. Another important background comes
from radon daughter decays on the PTFE walls of the
TPC, with the tail of the distribution in reconstructed
radius extending into the fiducial volume [23]. In these
“wall events” some electrons are lost, resulting in a re-
duced S2 signal, so that many events lie below the signal
band in S2/S1. Part of this background is ERs, which
can mimic NRs due to their reduced S2 signal. There are
also NR wall events from the alpha decay of 2!°Po, which
produces a recoiling daughter 2°Pb nucleus. The PDF
model for the wall events is generated from sidebands in
the data.

For SD scattering the signal spectrum (per unit cross
section) is suppressed relative to the SI case. The shape
of the recoil spectrum produced by a SD neutron-only
interaction is very similar to that from a SI one. The
SD proton interaction produces a somewhat harder recoil
spectrum at all WIMP masses, with the effect growing for
heavier WIMPs; at 20 TeV the SD proton-only has 28%
of recoils between 25 and 50 keV, compared to 20% for SI.
The signal PDF for a given WIMP mass is evaluated by
fitting the yield of single scatters from the DD-neutron
calibration in S2 and S1 [8]. Systematic uncertainties
from the DD neutron calibration are included in this fit.
Contributions from the different isotopes are accounted
for by adding their differential event rates. Confidence
intervals are set with a profile likelihood ratio (PLR) in
four variables: S1, S2, radius, and height. All of these
variables are useful for discriminating signal from back-
ground. Further detail on the analysis can be found in
Refs. [10, 24], including the application of a power con-
straint at the median sensitivity so as not to benefit from
background fluctuations. The observed events are con-
sistent with the expectation from background only.

The upper limits on the SD WIMP-nucleon cross
sections from the PLR analysis are shown in Fig-
ure The minimum excluded cross section at 90% CL
for WIMP-neutron (WIMP-proton) elastic scattering is
op = 9.4x107* cm? (0, = 2.9x1073% ¢cm?), for a WIMP
mass of 33 GeV/c?. For the neutron-only coupling the
excluded cross section is lower than from previous direct
searches. The proton-only limit is less constraining by
a factor of ~30. Using alternative structure functions
from Ref. [20], the neutron-only upper limit is improved
by a factor ~0.5 and the proton-only degraded by ~2.5.
The results presented here improve on the limits set in
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FIG. 1. LUX upper limits on the WIMP-neutron (top) and

-proton (bottom) elastic SD cross sections at 90% CL. The
observed limit is shown in black with the 1o (+20) band
from simulated background-only trials in green (yellow). Also
shown are the 90% CL from: CDMS [25], KIMS [26] 27], PI-
CASSO [28], PICO-2L [29], PICO-60 [30], XENON10 [31],
XENON100 [32], and ZEPLIN-IIT [33] [34]. The DAMA al-
lowed region at 30 as interpreted in [35] without ion chan-
neling is the shaded areas. Three indirect limits from Ice-
Cube [36] and SuperK [37] are shown. Collider limits from
CMS mono-jet searches are included, assuming the MSDM
model with two coupling scenarios [38]. The projected sen-
sitivity for the LZ experiment is shown for an exposure of
5.6x10° kg-days [39].

Ref. [40] owing mostly to the lower energy threshold and
the better background rejection afforded by the PLR-
based statistical analysis. PICO [29] [30] is more sensi-
tive to proton-only coupling, due to the unpaired pro-
ton of the fluorine nuclei in the C3Fg target. However,
the inclusion of two-body currents in the xenon struc-
ture functions yields significant proton-only sensitivity
and the proton-only limit from this result is competitive.
The DAMA allowed region [35] is excluded even in the
proton-only case by this result.

Collider searches for dark matter particles can be inter-
preted in the same parameter space as direct searches for
particular conditions [38]. In Figure [l| we include limits
from CMS mono-jet searches [41], assuming the Minimal

4

Simplified Dark Matter (MSDM) model for the particu-
lar case where the couplings of the mediator to the quarks
and the dark matter particle are equal (¢ = g4 = gpum)-
The cross section is dependent on these couplings, so
we compare to the smallest and largest values used in
Ref. [38]. For low WIMP masses the collider limits are
stronger for both couplings, but these searches are not
sensitive to heavier WIMPs. It is important to note this
interpretation of collider searches is model-dependent.
Therefore, dark matter signals would ideally be observed
in collider, indirect, and direct searches in order to fully
investigate the interactions of WIMPs.

With limits set on o, the allowed region in a, — a,
space can be found following the procedure detailed in

[42):

ap an 77
2 7= > ue ()
2 )
A ot op 24GEH;
where Uén are the limits on the proton/neutron-only

cross sections, for the isotope with mass number A. The
excluded region is shown in Figure 2 Typically only the
most sensitive channel of the two cross sections is shown.
In this case the limits in the a, — a,, plane can be found
following the method detailed in Ref. [43], which is a good
approximation if a, > a,, or vice-versa.

This result improves the constraint on a, over pre-
vious experiments. The lines are parts of elongated el-
lipses and the orientation depends on the sensitivity to
both a, and a,. The angle of the ellipse for LUX and
XENON100 is not the same due to differences in the spin
structure functions used and the energy scale in the anal-
ysis (which affects the signal spectrum). XENON100 also
had slightly different abundances of 129Xe and '3 Xe, due
to the addition of isotopically modified xenon. This plot
also emphasises the complementarity between the differ-
ent detector materials.

In conclusion, we have set the most stringent limits on
the SD WIMP-neutron cross section for all WIMP masses
down to 3.5 GeV/c? from the 2013 LUX data, and the
proton-only limit is also competitive. We also improve
the constraints on the possible values of the couplings
ap and a,, complementary to experiments that are more
sensitive to the proton than the neutron coupling. The
sensitivity to both proton and neutron-only coupling will
be improved greatly with future large-scale experiments
with xenon targets such as LZ [39)].
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