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We report the first experimental results on spin-dependent elastic WIMP-nucleon scattering from
the XENONIT dark matter search experiment. The analysis uses the full tonne-year exposure of
XENONIT to constrain the spin-dependent proton-only and neutron-only cases. No significant
signal excess is observed, and a profile likelihood ratio analysis is used to set exclusion limits on
the WIMP-nucleon interactions. This includes the most stringent constraint to date on the WIMP-
neutron cross section, with a minimum of 6.3 x 10™*? cm? at 30 GeV/c? and 90% confidence level.

The results are compared with those from collider searches and used to exclude new parameter space
in an isoscalar theory with an axial-vector mediator.

PACS numbers: 95.35.+d, 14.80.Ly, 61.25.Bi, 95.55.V]



Introduction.—There is a preponderance of astrophys-
ical evidence that a non-luminous, massive component
known as dark matter (DM) comprises about 26.5% of
the total energy density of the Universe [1, 2]. Still,
the particle nature of this component remains unknown.
One attractive DM candidate is the weakly interact-
ing massive particle (WIMP), which arises naturally in
several extensions of the Standard Model of particle
physics [3, 4]. This has motivated many experimental
searches for both the decay and self-annihilation products
of WIMPs (indirect detection) [5], for WIMP production
at particle accelerators [6], and for WIMPs scattering off
atomic nuclei on Earth (direct detection) [7]. One lead-
ing direct detection technique uses liquid xenon (LXe)
time projection chambers (TPCs), placed underground
to reduce backgrounds induced by cosmic rays [8-11].
XENONIT, the largest and most sensitive of these ex-
periments to date, is a dual-phase (liquid and gas) xenon
TPC located at a depth of 3600 m water-equivalent at the
INFN Laboratori Nazionali del Gran Sasso in L’Aquila,
Ttaly [12].

XENONIT contains 3.2 t of ultra-pure LXe, with 2 t
in the active detector volume, and is outfitted with two
arrays of 127 and 121 Hamamatsu R11410-21 3” photo-
multiplier tubes (PMTs) [13, 14] facing the LXe from
above and below, respectively. Energy depositions in the
active volume produce scintillation photons as well as
ionization electrons. The scintillation light is promptly
detected by the PMTs (S1), while the electrons are
drifted upward through the LXe by a uniform electric
drift field. At the liquid-gas interface, the electrons are
extracted by an electric field towards the anode, produc-
ing proportional scintillation light (S2) via electrolumi-
nescence, which is also detected by the PMTs. The time
difference between the S1 and the S2 is proportional to
the depth of the original interaction. Combined with the
PMT hit-pattern of the S2, this allows for 3D position
reconstruction of the event. The reconstructed position
helps eliminate background events due to radioactivity
from materials in and around the TPC, which largely
occur near its edge. The position is also used to apply
corrections for variations in signal collection efficiencies.
The ratio between S2 and S1 signal sizes is used to dis-
criminate between nuclear recoils (NRs) due to WIMPs
or neutron backgrounds, and electronic recoils (ERs) due
to B or v backgrounds.

Since WIMPs are non-relativistic [3], the WIMP-
nucleus interaction cross section can be written as the
sum of a part which increases with the mass of the tar-
get nucleus (spin-independent, or SI), and an axial-vector
part which couples to the nuclear spin (spin-dependent,
or SD) [4, 15]. Recently, XENONLT reported SI results
from a tonne-year exposure, which achieved the lowest
ever background in a direct detection experiment and set
the most stringent 90% C.L. upper limit to date on the
SI cross section for WIMP masses above 6 GeV/c? [8].

We also reported the first direct detection constraints on
the WIMP-nucleus interaction involving pion exchange
currents, an additional scalar component that can dom-
inate if the standard SI interaction is absent or strongly
suppressed [16]. In this Letter, we present the first lim-
its on the SD WIMP-nucleon cross sections from the
XENONIT experiment, using data from the full tonne-
year exposure.

Spin-Dependent Theory.—The SD interaction of
WIMPs with nuclei is described by the WIMP-quark
axial-vector-axial-vector Lagrangian [17]. At low mo-
mentum transfer ¢, the Lagrangian can be evaluated us-
ing chiral effective field theory (EFT) [18, 19], and the
differential cross section can be written as

doSP 86’%J
dq2 = (2J+1)U25A(q)7 (1)

where G is the Fermi constant, v is the WIMP velocity
in the rest frame of the detector, J is the initial ground-
state angular momentum of the nucleus, and Sa(q) is
the axial-vector structure factor (all equations shown in
natural units). The structure factor is conveniently ex-
pressed in terms of the isoscalar (ag) and isovector (a;)
WIMP-nucleon couplings as

Sa(q) = a§Soo(q) + aoa1So1(q) +aiSi(q).  (2)

The interaction strength is described by these couplings,
while the nuclear structure information is absorbed by
the S;; factors. The two unknown couplings (ag, a1) yield
a two-dimensional plane of parameter space to search,
unlike in the SI case, where the WIMP is typically as-
sumed to have an equal (purely isoscalar) coupling to
protons and neutrons.

In the limit of zero momentum transfer, the structure
factor simplifies to

2J+1)(J+1)
4]
X [(ao + a1 ){Sp) + (a0 — a1)(Sw)%, (3)

Sa(0) =

where (S,) and (S,) are the expectation values of the
total proton and neutron spin operators in the nucleus,
and a} contains a correction to the isovector coupling a;
due to chiral two-body currents involving the exchange of
a pion. Experimental SD searches constrain the theory
using the special cases ap = a1 = 1 (“proton-only”) and
ap = —a; = 1 (“neutron-only”). These cases are con-
venient because at the one-body (a] — a1) level, S4(0)
depends only on the total spin expectation values of the
protons and neutrons in the nucleus, respectively [19].
Two naturally-occurring isotopes of xenon have non-
zero nuclear spin, 12°Xe (spin-1/2) and 13'Xe (spin-
3/2), with natural abundances of 26.4% and 21.2%,
respectively [20, 21]. Residual gas analyzer measure-
ments show consistency with these natural abundances



in XENONIT within the 1% precision of the measure-
ment device. The remaining 52.4% of xenon has negli-
gible sensitivity to the SD interaction. As both xenon
isotopes have an odd number of neutrons, it follows that
|(Sn)| > [(Sp)|. Specifically, in 12%Xe (S,) = 0.329
and (S,) = 0.010, while in 3'Xe (S,) = —0.272 and
(Sp) = —0.009 [19]. Consequently, XENONIT is more
sensitive to the neutron-only case, but also has non-zero
sensitivity to the proton-only case since ag — aj # 0 in
Eq. (3) due to the aforementioned two-body contribution.

The total expected NR spectrum dR/dF, can be writ-
ten as

dO'SD

it _ 2px
dg?

dE, My

vf(¥)d>v, (4)

where m, is the WIMP mass, p,, is the local WIMP den-
sity and f(?) is the WIMP velocity distribution in the
rest frame of the detector. ¢ = 2E,mxe, with mxe
the mass of a xenon nucleus. A standard isothermal
WIMP halo, as in [8], is assumed, with vy = 220 km/s,
px = 0.3 GeV/(c? x cm?), vese = 544 km/s, and Earth
velocity vg = 232 km/s [22]. In the neutron- or proton-
only case, the differential scattering cross section can be
rewritten as

doSP _ Ui% s g
dq? 3udv22J +1 N

(9), ()

where p is the reduced mass of the WIMP-nucleon sys-
tem, Sy (q) is the axial-vector structure factor for a pro-
ton or neutron (N = {n,p}) in xenon (from using the
corresponding couplings in Eq. (2)), and ai% is the
scattering cross section between a WIMP and a single
proton or neutron, at zero momentum transfer [4, 16].
Using Eq. (5), the recoil spectrum in Eq. (4) becomes
proportional to ai%. This unknown parameter is used
to set limits as a function of WIMP mass.

Detailed calculations of Sy have been carried out in
[19] for many isotopes relevant to experimental searches,
including '2Xe and '3'Xe. These calculations use a de-
tailed nuclear shell model to represent the nuclear states,
reproducing the ground-state energies and ordering of en-
ergy levels from spectroscopic measurements. Ref. [19]
expands on [23], which was extensively compared with
alternative calculations in [24].

The theoretical uncertainties reported in [19] mainly
come from the two-body current contribution, specifically
the density of the nuclear states and the low-energy con-
stants in chiral EFT. These uncertainties have a larger
effect on O'>S<pD than on U)Sﬁ, since the SD WIMP-proton
sensitivity in a xenon target chiefly relies on two-body
interactions with neutrons. Since it is difficult to char-
acterize the distribution of these uncertainties, it is con-
ventional [24, 32, 33] to take the mean of the range of
structure factors given, rather than including the uncer-
tainty on the scattering rate in the statistical inference.

Example recoil spectra for the neutron- and proton-only
cases are shown in Fig. 1, along with the standard SI
spectrum (scaled by 107*) [8] for reference. The result-
ing SD rates are much lower than the SI rates. This is
mostly explained by the SD structure factor in Eq. (3),
which is O(1), while the analogous SI form factor scales
with the square of the number of nucleons, due to the
coherence of the interaction over the nucleus.

Analysis method—SI and SD WIMP-nucleus scat-
tering produce similar recoil spectra in XENONIT,
and both interactions produce observables through the
same NR process. We therefore use signal correc-
tions and event selection criteria identical to [8]. The
dark matter search is limited to events within an inner
1.30 = 0.01 t LXe fiducial mass, with corrected Sls
between (3, 70) photoelectrons, accepting NRs of about
5 — 41 keV nuclear recoil energy on average. The live-
time analyzed is 278.8 days, consisting of a 32.1 day run
[25] and a 246.7 day run, resulting in a total exposure of
1.0 t x yr. Background models, also retained from [§],
include data-driven models for accidental coincidence of
lone S1s and S2s, and events with reduced charge signal
due to interactions at the detector surfaces. The ER (8
and ) and NR (radiogenic neutrons and coherent elas-
tic neutrino-nucleus scattering) backgrounds are mod-
eled using energy depositions from GEANT4 simulations,
passed to a Monte-Carlo (MC) of ER and NR response
in LXe, XENONIT detector physics, and detection effi-
ciency [28]. The parameters in the MC are determined
from a simultaneous fit to calibration data using ER [26]

1077k T T T T T T 1.0
§ F WIMP Search Region
o sl e -
% 107% o8
>
S 10
< 10 .
%o A - —o0.6 g
R U S Y O 2
4 ) W e —H0.4[5
(5 _ .
=107 SD- R .
£ EN T - Protop Lo —
E 10712:_ ............ 02
[5) E --~"‘“--_"__
> EoNYy R
a F )

10-13L= 1 1 1 1 L ) 00

0 10 20 30 40 50 60 70
Nuclear recoil energy [keV]

FIG. 1. Comparison of the WIMP-nucleus recoil spectra in

the SD neutron-only (green), SD proton-only (blue), and SI
(orange, scaled by 10™%) cases in LXe for a 10 GeV/c? (solid)
and 100 GeV/c? (dashed) WIMP and a WIMP-nucleon cross
section of 107%° cm?. The bands on the SD spectra come from
uncertainties in the contribution to SD scattering from inter-
actions involving the exchange of a pion between two nucleons
(two-body currents). The WIMP search region in XENON1T
is depicted by the total efficiency curve (gray dotted).



and NR [27] sources taken periodically throughout the
exposure. The signal region in the DM search data was
blinded prior to the determination of the event selection
and background models [8]. For each WIMP mass, the
SD signal recoil spectrum calculated from Eq. (4) is prop-
agated through the same MC to generate the expected
distribution of S1s and S2s from corresponding WIMP-
nucleon interactions.

Statistical inference is done using a three-dimensional
(corrected S1, corrected S2 in the bottom PMT array,
and radius) unbinned extended likelihood, profiled over
nuisance parameters [28]. In addition to these three di-
mensions, the likelihood distinguishes between events in
an inner 0.65 t core and those in an outer section of
the fiducial mass to incorporate the difference in the
expected neutron background rate, as in [8]. Nuisance
parameters are included to account for uncertainties in
ER response, detection and selection efficiencies, and
background rates. To safeguard against interpreting an
under-prediction of ERs as a signal excess, an addi-
tional WIMP-like component is added to the background
model and constrained by ER calibration data [28, 29].
Upper limits and two-sided intervals are computed us-
ing a Feldman-Cousins-based method [30], with a Ney-
man band constructed from a profiled likelihood ratio
test statistic [31]. Background-only simulations are per-
formed to calculate the range of possible upper limits
under many repetitions of the XENONI1T exposure.

Results.—For all WIMP masses considered, and for
both the neutron- and proton-only cases, the data are
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FIG. 2. XENONIT 90% C.L. upper limit on the spin-

dependent WIMP-neutron cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1o) and yellow (20) bands. Also shown are the
experimental results from XENON100 [24], LUX [32] and
PandaX-II [33]. We use the ‘chiral EFT’ limit from PandaX-
II, since it is based on the same SD interaction model as all
other shown results.

consistent with the background-only hypothesis. The lo-
cal discovery p-values at WIMP masses of 6, 50, and
200 GeV/c? in the neutron-only (proton-only) case are
0.6, 0.4, and 0.2 (0.6, 0.3, and 0.1), respectively. Fig. 2
and Fig. 3 show the 90% C.L. upper limits, as well as the
lo and 20 sensitivity bands, on the SD WIMP-neutron
and WIMP-proton cross sections, respectively. Differ-
ences between the limit and the median sensitivity due
to fluctuation of the background are within the 20 sta-
tistical uncertainty.

The mean values of the structure factors are used both
for the observed limits and the sensitivity distributions.
To estimate the impact of the theoretical uncertainty on
the result, a cross-check was performed by taking the
minimum and maximum values of the structure factors,
and using the asymptotic distribution of the test statistic
to set limits for each case [34]. At 50 GeV/c?, the upper
limit on the WIMP-neutron cross section shifts down-
wards (upwards) by a factor of 1.1 (1.1) when taking the
minimum (maximum) structure factor values. Similarly,
the upper limit on the WIMP-proton cross section shifts
downwards (upwards) by a factor of 1.6 (2.2) due to the
larger dependence of the proton-only sensitivity on the
uncertain two-body component.

The neutron-only limit (Fig. 2) is the most strin-
gent constraint from a direct detection experiment for
WIMP masses above 6 GeV/c?, with a minimum of
6.3 x 10742 cm? for a 30 GeV/c? WIMP. The proton-
only limit (Fig. 3) is the most stringent constraint from a
LXe direct detection experiment, though fluorine-based
superheated liquid experiments such as PICASSO [35],
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FIG. 3. XENONIT 90% C.L. upper limit on the spin-
dependent WIMP-proton cross section from a 1 tonne-year
exposure. The range of expected sensitivity is indicated by
the green (1o) and yellow (20) bands. Selected experimental
results are shown for XENON100 [24], LUX [32], PandaX-II
[33] and PICO-60 [38]. We use the ‘chiral EFT’ limit from
PandaX-II, since it is based on the same SD interaction model
as all other shown results.



SIMPLE [36], and PICO-60 [37, 38] have consistently led
the field in directly constraining the WIMP-proton cross
section.

Collider experiments are sensitive to WIMPs through
searches for final states of pp collisions with missing
transverse energy, which can be attributed to the pro-
duction of escaping DM particles. These searches are
complementary to those carried out by direct detection
experiments, but direct comparison of the resulting lim-
its requires that a model of DM interactions with Stan-
dard Model particles is specified. Following the approach
of [37], we use a model recommended by the LHC Dark
Matter Working Group [39], and frequently used by AT-
LAS and CMS, to compare results with direct detection
SD searches [41, 42]. In this model, the WIMP is a Dirac
fermion of mass m,, and has an s-channel interaction
with quarks, mediated by a spin-1 particle of mass myeq
with an axial-vector coupling to both the WIMP and
the quarks. Additionally, the mediator couples equally
to all quark flavors, so the WIMP-nucleon interaction is
isoscalar.

Since the two-body pion exchange currents are purely
isovector [19], the corresponding correction terms vanish
in the isoscalar case. Consequently, the structure fac-
tor, and thus the recoil spectra, differ in both shape and
rate from the neutron-only and proton-only cases, so this
model should be treated as a third, distinct case.

The model contains four free parameters: the mediator
mass Mmed, My, the mediator-quark coupling g,, and the
mediator-WIMP coupling g,. Following [39], the cross
section can now be written as

2.2 ,,2
USD — O'SD — 0.31 gqgic'uN (6)
Y . —_— .
X xp 0 Mmed

New signal models are generated, and statistical inference
is performed via the same method as for the neutron-
only and proton-only cases, resulting in a 95% C.L. up-
per limit on the WIMP-nucleon cross section ai% for the
isoscalar case. After substituting the conventional val-
ues of the couplings (g, = 0.25, g, = 1), we can use
Eq. 6 to transform this upper limit into the mmed—my
plane, and compare it directly with collider experiments
for this particular simplified model. As shown in Fig. 4,
the constraint from XENONIT data excludes new pa-
rameter space in this theory, and represents the most
stringent constraint from a direct detection experiment.
We note that in a complete treatment of the comparison
between the LHC and direct detection experiments, one
should include isospin-violating corrections to the cou-
plings due to the difference in energy scales [40]. This
cannot be simply included because the structure factor
becomes dependent on the mediator mass. As this effect
would enhance the rate of WIMP-neutron scattering rela-
tive to WIMP-proton scattering, our limit can be viewed
as conservative.
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FIG. 4. XENONIT 95% C.L. upper limit in the Mmmeqa—
m, plane for a simplified isoscalar model with an axial-vector
mediator and a Dirac WIMP, where the mediator-quark (gq)
and mediator-WIMP (gy) couplings are fixed to 0.25 and 1.0,
respectively. Shown for comparison are 95% C.L. limits from
PICO-60 [37], ATLAS [41], and CMS [42]. The shaded regions
are excluded by the correspondingly colored limits.

Conclusion.— We have analyzed the data from a
tonne-year exposure of XENONI1T, which is currently
the leading dual-phase liquid xenon direct detection ex-
periment. The SD WIMP-neutron and WIMP-proton
spectra were calculated from the work of Ref. [19]. For
the data selection, background models and statistical
interference, the same methods have been used as for
the XENONIT SI analysis [8]. The data are consistent
with the background-only hypothesis and the resulting
limits were computed. These results are the first con-
straints on the SD interaction from XENONIT and im-
prove upon previous constraints from LXe experiments.
Additionally, the XENONIT 95% C.L. upper limit in the
Mmed—MM Plane for a simplified isoscalar model has been
compared with constraints from collider searches and ex-
cludes new parameter space. This work is part of a pro-
gram to constrain a large set of theoretical parameters
using XENONI1T, including the SI [8] and WIMP-pion
[16] interactions, along with future work to constrain a
broader set of WIMP-quark couplings using EFT meth-
ods.
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