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Abstract. Directional sensitivity to nuclear recoils would provide a smoking gun for a possible
discovery of dark matter in the form of WIMPs (Weakly Interacting Massive Particles). A hint of
directional dependence of the response of a dual-phase argon Time Projection Chamber (TPC)
was found in the SCENE experiment. Given the potential importance of such a capability in the
framework of dark matter searches, a new dedicated experiment, ReD (Recoil Directionality),
was designed by the Global Argon Dark Matter Collaboration, in order to scrutinise this hint. A
small dual-phase argon TPC was irradiated with neutrons produced by the p(7Li,7Be)n reaction
using the 15 MV TANDEM accelerator of the INFN - Laboratori Nazionali del Sud, Catania,
Italy, so as to produce argon nuclear recoils in the range (20 - 100) keV of interest for dark
matter searches. Energy and direction of nuclear recoils are inferred by the detection of the
elastically-scattered neutron by a set of scintillation detectors. Events were selected by gating
of the associated 7Be, which is detected by a telescope of Si detectors.

1. Introduction
The existence of dark matter (DM) in the Universe is nowadays commonly accepted as the
explanation of many astrophysical and cosmological phenomena, ranging from internal motions
of galaxies to the large scale inhomogeneities in the cosmic microwave background radiation and
the dynamics of colliding galaxy clusters. In the framework of particle astrophysics, experiments
searching for Weakly Interacting Massive Particles (WIMPs) play a central role in the studies
on the nature and properties of DM. Liquid argon (LAr) is particularly well suited for direct
DM searches because of its powerful background rejection through pulse shape discrimination [1]
and of the possibility to use low-radioactivity active target [2]. The Global Argon Dark Matter
Collaboration (GADMC) is pursuing a multi-staged program to operate a sequence of argon-
based detectors, aiming to improve the sensitivity to WIMPs by several orders of magnitude.
The first step is the construction at the INFN - Laboratori Nazionali del Gran Sasso, Italy, of the
DarkSide-20k experiment [3], a 30 ton dual-phase LAr Time Projection Chamber (TPC). The
sensitivity to the direction of the WIMP-induced nuclear recoils (NR) is potentially available in a
dual-phase LAr TPC by exploiting the electron recombination effect [4]. Hints of such directional
phenomena have been observed by the SCENE collaboration [5]. In such a context, WIMP
directional information could be a key asset for LAr-based detectors, as signal directionality
would be an unmistakable signature for WIMP dark matter and hence a “smoking gun” to
support a possible discovery [6].

2. The ReD Experiment
The main scientific goal of the ReD project is to probe a possible directional dependence of
the NR tracks in a LAr TPC in the energy range of interest for direct dark matter search
in the framework of columnar recombination models [4]. The minimal requirements for the
evaluation of the performance of the detector were studied by means of dedicated Monte
Carlo [7] simulations of the experimental setup, by also including a directional signal of the
same magnitude as reported in [5]. The latter confirmed that, depending on the achieved
angular resolution, a next-generation direction-sensitive Dark Matter experiment could provide
a positive 3σ detection for dark matter signal (against isotropic background) with about 100
events in case of ideal angular resolution, or about 250 events in case of a very rough angular
resolution of 400 mrad.

The core detector of ReD is a small dual-phase LAr TPC (5 (W) × 5 (L) × 6 (H) cm3) where
a volume of liquid argon is in thermal equilibrium with an overlaying thin layer of the same
element in the gas phase (the so-called gas pocket). An ionising radiation in the liquid produces
a prompt light signal due to scintillation (S1) and residual ionisation electrons. Electrons that
escape recombination are then drifted by an appropriate electric field (drift field) towards the
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liquid-gas boundary, extracted to the gas pocket and then accelerated by a strong electric field.
This produces the emission of a delayed (several tens of µs after S1) electroluminescence light
signal (S2). The time difference between S2 and S1 is used in order to evaluate the total electron
drift time across the liquid phase. The light emitted by scintillation and electroluminescence
processes is finally detected by two matrices of 5×5 cm2 cryogenic Silicon Photomultipliers
(SiPMs) each containing 24 devices, placed at the top and at the bottom of the TPC [7]. To
investigate the directional phenomena reported in Ref. [5], the ReD detector was irradiated with
a neutron beam of known energy and direction, produced via the p(7Li,7Be)n reaction by the
15 MV TANDEM accelerator at the INFN - Laboratori Nazionali del Sud (LNS) in Catania.
The outgoing neutron, produced in a two-body reaction together with a 7Be nucleus, has a
well defined energy and direction, kinematically constrained by the energy and direction of the
charged product. Neutrons can in turn undergo elastic scattering (n, n′) with an Ar nucleus,
thus producing a nuclear recoil (NR) inside the TPC. The scattered neutron (n′) is eventually
detected by a neutron spectrometer made by an array of liquid scintillator (LSci) detectors; the
detection of the neutron by a specific LSci detector determines the energy and the direction of
the Ar NR. The placement of the scintillators is such that they detect neutrons which underwent
elastic scattering on Ar at the same recoiling angle and hence produced NRs of the same energy
in the TPC. Their momenta form a different angle ϕ with respect to the TPC drift field. The
test of the directional effect hence consists in checking if the response of the TPC in terms of
scintillation and ionisation differs for NRs of the same energy but different ϕ. Following the
recombination model in [4], the electron-ion recombination in LAr, which drives the relative
balance between S1 and S2 signals of the TPC, depends on the angle ϕ with the following
functional form:

f(R,ϕ) =

√
sin2 ϕ+ cos2 ϕ/R2. (1)

The model depends on the parameter R, which measures the non-sphericity of the initial electron
cloud. If R > 1 there is a net directional effect: at a given kinetic energy of the NR, the ratio
S2/S1 will also depend on the angle ϕ between the NR momentum and the drift field. When
R = 1, spherical symmetry is instead restored: f(R,ϕ) = 1 and any directional dependence
cancels.

3. Beam data analysis
The beam run took place at LNS in February 2020. A primary 7Li beam of 28 MeV was sent
on CH2 targets of thickness between 300 and 500 µg/cm2, placed inside a vacuum scattering
chamber, so as to produce secondary neutrons. Given the 7Li beam energy and the relative
placing of target, TPC and spectrometer, the ReD system was tuned to detect nuclear recoils
in the TPC of ∼ 72 keV kinetic energy: this energy is comparable with that of the SCENE
hint [5] and well within the region of interest for WIMP searches. The beam data reported
here were collected for a total of 14 days (about 10.7 days live time); a typical current of 10-15
nA was achieved for the primary 7Li beam. Neutrons traveling in the direction of the TPC,
with kinetic energy of about 7 MeV, were selected by detecting the associated 7Be nucleus with
a ∆E-E telescope of Si detectors (∆E ∼ 20 µm and E ∼ 1000 µm thick, respectively). The
telescope was placed inside the vacuum chamber, at an angle of 5◦ with respect to the beam
direction.The events of interest are the three-fold coincidences of the Si telescope, the TPC and
the neutron spectrometer. They were selected from the whole data sample by the definition of
selection cuts based on single S1 and S2 pulses in the TPC, time of flight (ToF) between the
Si telescope and the TPC and between the TPC and the spectrometer to be compatible with
a few-MeV neutron, and pulse shape discrimination (PSD) energy-dependent cuts. The events
passing the selections are relatively rare (150 ev/day), so a total of ∼ 7000 such events were found
with the proper timing and energy, which underwent the final statistical analysis. The residual
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Figure 1. S1 and S2 distributions for triple-coincidence selected events, where the angle between
the recoil and the drift field is also displayed. The curves show the best-fit results for the signal
in blue, while accidental coincidences and multi-scattering components are the red and the violet
lines, respectively. See text for more details.

background was mostly due to accidental coincidences, to inelastic interactions (n, n′γ) in the
TPC or to neutrons undergoing multiple interactions in the active and passive volumes. The
directionality pattern was searched by a statistical approach, using the scintillation-ionisation
(S1-S2) anti-correlation as the key observable. The former consisted in an unbinned maximum
likelihood fit against the model. [4], using the data samples of three-fold coincidence events
at four different track angles with respect to the drift field (0°, 20°, 40°and 90°) and a large
sample of NR events in the TPC. The fit model accounted for signal, multi-scattering events
and accidental coincidences components, whose distributions were either data-driven or derived
from simulations. The output of the fit is displayed in Fig. 1: the parameter R is statistically
consistent with the no-directionality hypothesis (R = 1) within 2σ and an upper limit on |R− 1|
can be set. The sensitivity of this measurement is limited by statistics, i.e. by the dimension of
the event samples at different angles.

4. Conclusions
The ReD experiment was designed to investigate the directional sensitivity of liquid argon-
based TPC to nuclear recoils in the energy range of interest for WIMP dark matter searches.
A compact double-phase liquid argon TPC was constructed, characterised and irradiated with
neutrons within a beam run at the INFN LNS in Catania. The experimental layout was conceived
in order to select NR in the TPC having about 72 keV kinetic energy and different directions
with respect to the drift field. Data were analysed according to the directional model of Ref. [4].
Future studies on low energy response (few keV) with 252Cf neutron source using the ReD TPC
are currently in preparation at INFN - Sezione di Catania.
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