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Abstract

Now that conventional WIMP dark matter searches are approaching the neutrino floor, there has been a resurgence of interest
in the possibility of introducing recoil direction sensitivity into the field. Such directional sensitivity would offer the powerful
prospect of reaching below this floor, introducing both the possibility of identifying a clear signature for dark matter particles
in the galaxy below this level but also of exploiting observation of coherent neutrino scattering from the Sun and other sources
with directional sensitivity. We survey the experimental status of all technologies proposed to date, and perform a cost-benefit
analysis to identify the optimal choice in different WIMP and neutrino scenarios. Based on our findings, we propose a large-scale
directional nuclear recoil observatory with directional WIMP sensitivity below the neutrino floor and capability to explore Solar
neutrino coherent scattering with direction sensitivity
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1. Introduction1

[Section organizer: all]2

The aim of this paper is to lay out the science case and goals for a large galactic recoil observatory, to show that the goals are3

achievable in principle, to compare the capability of different technologies to reach those goals. Here is a citation [1].4

2. Science Case for a large Nuclear Recoil Observatory5

[Section organizer: Katie Mack]6

7

2.1. Dark matter8

[KM, COH]9

The primary method of directly detecting WIMP dark matter is by the observation of nuclear recoils with energies of O(1 −10

100) keV. Experiments have been carried out using a wide range of targets, with recoil detection via charge, light, or heat (phonon)11

signals (for a review see e.g. Ref. [2]). Direct detection experiments have constrained WIMP masses and nucleon cross sections,12

with the tightest limits challenging favored supersymmetric WIMP models. Several experiments have also reported detections13

that are consistent with a dark matter interpretation but are inconsistent with stringent limits made by other experiments. One14

notable example is the DAMA/LIBRA collaboration which has reported a 9.3σ annual modulating event rate in their NaI crystal15

scintillator [3]. The phase and amplitude of this modulation is consistent with expectation for a signal of Galactic origin, due to16

the unique orientation of the Earth’s orbit with respect to orbit of the Sun around the Milky Way center. Efforts are being made to17

reproduce this experiment in the Southern Hemisphere with alternative crystals to rule out target-specific effects and to eliminate18

seasonal variations as an explanation for the modulation [4, 5, 6].19

Meanwhile, directional detection experiments present a new opportunity for discovery in this space. With directional ca-20

pability, detectors have a strongly enhanced ability to remove backgrounds. In addition to the annually modulating signal, the21

orbit of the Solar System through the non-rotating Milky Way halo means the dark matter flux observed at Earth should also22

be strongly anisotropic. This “WIMP wind” should peak towards the direction of the constellation Cygnus [7]. This property23

would be observable in a directional experiment, but not otherwise. Hence the measurement of the directions of nuclear recoils24

is the only way to make an unequivocal claim that the source of some excess in events is the same particle that makes up the25

dark matter in the Milky Way. Hence in the ideal case, directional capability will make a potential WIMP search maximally26

reliable and robust through (1) confirmation of the connection between signal events and the Galactic halo, i.e. the discovery of27

dark matter [8]; (2) elimination of neutrino backgrounds that are irreducible without directional sensitivity [9, 10]. Furthermore28

a directional experiment would much better suited to study the astrophysical velocity structure of the dark matter halo [11] and29

improve the detection of, or constraints on, particular WIMP particle physics models with directional dependent features. We30

describe each of these points in Secs. 2.1.1-2.1.4.31

Ongoing directional detection experiments such as DRIFT [12], MIMAC [13], DMTPC [14] and NEWAGE [15] have demon-32

strated a proof of concept, but would require vast up-scaling to compete with the most stringent limits. Our proposed detection33

method will provide the opportunity to strongly improve directional limits and to discover Galactic dark matter.34

2.1.1. WIMP scattering review35

The event rate for WIMP induced nuclear recoils is derived by integrating the incoming flux of dark matter with the cross36

section, σ, for the WIMP-nucleus interaction. This is usually written in terms of the differential event rate R per unit detector37

mass, as a function of recoil energy E and time t,38

dR
dE

(E, t) =
ρ0

mχmA

∫
v>vmin

v f (v, t)
dσ
dE

(E, v)d3v (1)

where ρ0 is the local dark matter mass density, mχ is the WIMP mass, mA is the nucleus mass, v is the dark matter velocity in39

the detector rest frame. The integral is performed for speeds larger than vmin(E) =
√

mAE/2µχA which is the minimum speed40

capable of inducing a recoil with energy E. The integral is weighted by the velocity distribution, f (v, t) which is usually assumed41

to be constant in the Galactic frame, but picks up a time dependence after a boost into the laboratory rest frame. The differential42

cross section is proportional to the squared matrix element for a particular WIMP-nucleus interaction, so is therefore specifically43

3



LU
X (201

6)Pan
daX

(201
6)

EDELW
EISS

(2016)

CDMSLite
(2017)

PICO-60
(201

5)

PICO-2L
(201

5)

Dark
Side

-50
(201

5)

CRESST-II
(2015)

CoGeNT (2014)

WIMP mass [GeV/c2]

S
I
W

IM
P
-n
u
cl
eo
n
cr
o
ss

se
ct
io
n
[c
m

2
]

XEN
ON1T

(201
7)

DAMA

S
u
p
e
rC

D
M

S

LZ

DARW
IN

200
ton-y

ear

Solar-ν

SN-ν
Atm-ν

pp
7Be

8B

hep

10
−1

10
0

10
1

10
2

10
3

10
4

10
−50

10
−48

10
−46

10
−44

10
−42

10
−40

10
−38

Figure 1: Existing and projected constraints on the spin-independent WIMP-nucleon cross section as a function of WIMP mass. Constraints and detection
regions for different experiments are labelled in the plot. The existing constraints as of 2017 are, CRESST-II [16], CDMSLite [17], EDELWEISS-III [18],
PICO-2L [19], PICO-60 [20], DarkSide-50 [21], PandaX [22], LUX [23], XENON1T [24]. The projected limits are estimated for the SuperCDMS [25], LZ [26]
and DARWIN [27] experiments. The closed detection regions correspond to the DAMA/LIBRA [3] and CoGeNT [28] annual modulation signals. Below the
existing limits we dispay the neutrino floor for various target nuclei as shaded grey regions. The neutrino background responsible for the floor is displayed (from
low to high mass): Solar neutrinos, the diffuse supernova neutrino background and atmospheric neutrinos. We discuss the neutrino floor in Sec. 2.1.2.

model dependent. However one can work with general formulae. The most common approach is to divide the interaction into44

two possible channels, both of which may contribute to the total rate,45

dσ
dE

=
mA

2µ2
χAv2

(
σSI

0 F2
SI(E) + σSD

0 F2
SD(E)

)
. (2)

Here, the first term describes spin-independent (SI) interactions such as those arising from scalar or vector WIMP-quark cou-46

plings, whereas the second includes the spin-dependent (SD) from axial-vector couplings. The factor µχA is the WIMP-nucleus47

reduced mass. The cross sections σSI,SD
0 are defined at zero momentum transfer, so that the form factors F2

SI,SD are used to48

describe how the spatial extent of the nucleus causes a loss in coherence in the interaction towards larger momentum transfers.49

Note that the form factors are entirely nuclear physics dependent and all WIMP particle physics is contained in the values of50

σSI SD
0 .51

Constraints on SI and SD cross sections vary, as they employ different assumptions about the interactions between the WIMP52

and the nucleon. In the SI case the total nuclear cross section is enhanced by the number of nucleons squared, meaning that large53

target nuclei can be used to set very stringent limits. In the spin-dependent case, the interaction probability is not amplified, and54

depends on the spin content of the target nuclei, hence constraints tend to be weaker. Figure 1 shows a selection of constraints55

from direct detection experiments. Constraints exist for WIMPs with masses larger than ∼ 1 GeV and SI cross sections larger56
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than ∼ 10−46 cm2. Underneath these limits lies the neutrino floor, below which WIMP models are rendered unobservable due57

to the saturation of their signal by the irreducible background from coherent neutrino-nucleus scattering (to be discussed in58

Sec. 2.1.2).59

In the case of directional detectors the relevant differential event rate is modified to be a function of both recoil energy and60

direction. The formula for this event rate is derived by enforcing the kinematical relationship between the incoming WIMP61

velocity, v, with the outgoing recoil direction r̂ [29],62

d2σ

dE dΩ
=

dσ
dE

1
2π

v δ (v · r̂ − vmin) , (3)

where dΩ is the solid angle element around r̂. The event rate then has the structure,63

d2R
dEd Ω

(E, r̂, t) =
ρ0

4πµ2
χpmχ

(σSI
0 F2

SI(E) + σSD
0 F2

SD(E)) f̂ (vmin, r̂, t) . (4)

where the velocity distribution now enters in the form of its Radon transform,64

f̂ (vmin, r̂, t) =

∫
δ (v · r̂ − vmin) f (v, t) d3v . (5)

The unique anisotropic character of the radon transform of the local dark matter velocity distribution when observed in the65

detector rest frame is the reason why directional detection is such a powerful method of detecting dark matter. The primary signal66

is a dipole anisotropy towards the direction r̂ = −v̂lab where vlab is the velocity of the laboratory. As first calculated in Ref. [7] this67

would result in an O(10) forward-backward asymmetry in the number of events. The prominence of the dipole feature means that68

in ideal circumstances (i.e. perfect recoil direction reconstruction) an isotropic assumption for the recoil direction distribution69

can be rejected at 90% confidence with only O(10) events, with no recoil energy information needed [30]. With O(30) recoil70

directions it becomes possible to point back towards Cygnus and confirm the Galactic origin of the signal [31]. Secondary signals71

such as a ring feature at low energies [32], and the aberration of recoil directions over time [33], may also aid in the confirmation72

of a dark matter signal.73

2.1.2. WIMP detection below the neutrino floor74

[COH]75

It was anticipated in early work on direct dark matter detection that large detectors would eventually become sensitive to76

coherent scattering between neutrinos and nuclei [34]. For the keV nuclear recoil energy scales observed in direct detection77

experiments Solar, diffuse supernovae and atmospheric neutrinos all constitute a significant background for detector exposures78

beyond the ton-year scale [35, 36, 37]. Because neutrinos are impossible to shield they represent the ultimate background for the79

direct detection of WIMPs. Moreover, because the nuclear recoil energy spectra induced by coherent neutrino-nucleus scattering80

mimics the spectra for WIMPs of certain masses, the discovery of these characteristic masses is limited due to the sizable81

systematic uncertainty on the expected neutrino flux. The range of cross sections that are reached by an experiment that has82

sufficient sensitivity to be also subject to a dominating neutrino background is known as the “neutrino floor” [38]. The shape of83

the neutrino floor is dependent on the flux of each neutrino background component as well as, importantly, the uncertainty on this84

flux. The most notable and threatening feature in the neutrino floor is the shoulder just below WIMP masses of ∼10 GeV due to85

the large flux and low energies of Solar neutrinos. The most important of these are the neutrinos originating from 8B decay. In a86

xenon experiment the nuclear recoil signal due to a 6 GeV WIMP with a SI cross section around 5×10−45 cm2 is well matched by87

8B neutrinos. Towards slightly larger masses (10 - 30 GeV) the neutrino floor is set by the diffuse supernova neutrino background88

(DSNB) due to the cumulative emission of neutrinos from a cosmological history of supernovae. The expected flux of the DSNB89

is extremely low (∼ 80 cm2 s−1 [39]) so the neutrino floor at these intermediate masses falls by several orders of magnitude in90

cross section. Towards masses beyond 100 GeV the neutrino floor is induced by the low energy tail of atmospheric neutrinos91

from cosmic ray interactions in the upper atmosphere. Atmospheric neutrinos are the only significant background contributing92

neutrino energies above 100 MeV. The low energy tail of atmospheric neutrinos is difficult to both measure and theoretically93

predict [40] so currently has uncertainties of around 20% [41].94

A central challenge for the next generation of dark matter experiment is how to continue the search for dark matter WIMPs95

to cross sections below the neutrino floor. However, it is important to emphasise that despite the nomenclature, the neutrino floor96
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is not a hard limit to direct detection. This is because the neutrino background is not strictly irreducible, even in conventional97

experiments. While the nuclear recoil energies of coherent neutrino-nucleus scattering and WIMP-nucleus scattering are very98

similar, the spectra do not exhibit perfect matching, even for masses best mimicked by neutrinos. As initially shown by Ruppin99

et al [42], the neutrino background can be subtracted with recoil energy information alone for very high statistics due to the slight100

differences in the tails of the recoil energy distributions. Unfortunately this requires prohibitively large experimental exposures,101

usually in excess of 1000 ton-years. It has also been shown that for some of the additional operators posited in the non-relativistic102

effective field theory formalism, the recoil spectra are sufficiently distinct from neutrinos to allow their discrimination with fewer103

events than in the standard SI or SD cases [43, 44]. However the overlap between the WIMP signal and neutrino background104

spectra is worsened - independent of particle physics - once astrophysical uncertainties are taken into account [45].105

Given that the next generation of ton-scale experiment is expected to become sensitive to coherent neutrino-nucleus scattering,106

it is pertinent to search for alternative and more powerful methods of subtracting the background. The most basic approach to107

alleviate the background is to exploit the complementarity between target nuclei of differing masses and nuclear content. For108

the SI neutrino floor it has been shown that this approach only leads to a marginal improvement in alleviating the neutrino109

background, however in the case of SD interactions the differences in nuclear spin contents make complementarity a more viable110

strategy [42]. It was also shown by Davis [46] that the use of timing information also allows the low mass neutrino floor to111

be overcome with slightly lower statistics. This approach exploits both the annual modulation of the dark matter signal due to112

the relative Galactic motion of the Earth and the Sun, as well as the annual modulation in the Solar neutrino flux due to the113

eccentricity of the Earth’s orbit.114

Directionality presents by far the most attractive prospect for circumventing the neutrino floor because the unique angular115

signatures of both dark matter and Solar neutrinos allows optimum discrimination between signal and background. This was116

first shown in Ref. [9] in the context of conventional low pressure gas TPCs and in Ref. [10] for experiments using a range117

of readout strategies. The effect of directional information has also been explored in ideas using nuclear emulsions [47] and118

spin-polarised helium-3 [48]. The general consensus is that in an idealised directional experiment there is effectively no neutrino119

floor. The crucial factor that enables this is that over the course of the year the Sun does not pass through the constellation of120

Cygnus. The angular distance between Cygnus and the Sun undergoes a sinusoidal modulation which peaks in September at121

around 120◦ and is a minimum during March at around ∼ 60◦. Because Solar neutrino recoils can only point with angles less122

than 90◦ from the Solar direction, this implies that over long periods during a year there are large WIMP signal regions across123

the sky where it is guaranteed that the number of Solar neutrino events is zero (ignoring the effects of angular resolution). On the124

other hand, the advantage of directional detectors for dealing with the neutrino floor at higher masses is not as significant due to125

the greater angular dispersion exhibited by the remaining backgrounds [10]. The directionality of non-Solar neutrinos is much126

less well understood. Whilst the DSNB is certainly expected to be isotropic, one would not naively expect the same to be true for127

atmospheric neutrinos. Indeed FLUKA simulations of low energy neutrinos have shown an enhancement in the flux towards the128

horizon [49, 40]. However, for the atmospheric neutrino floor this phenomenon turns out to be unimportant in part because the129

directionality is fixed in the reference frame of the detector, as opposed to the Galactic signal which transits across the sky over a130

sidereal day. Additionally the coherent scattering process acts to wash out much of the horizontal directional preference meaning131

the recoil sky due to atmospheric neutrinos is also very close to isotropic in appearance. So directionality is much less powerful132

at circumventing the neutrino floor beyond 100 GeV, however an ideal directional detector can still out-perform an equivalent133

conventional experiment by a factor of a few.134

2.1.3. WIMP astrophysics135

[KM, COH]136

A wide range of observations across Galactic to cosmological scales present strong evidence for the existence of dark matter137

as an unseen component of the Universe and a dominant contribution to the mass budget of galaxies, clusters, and the cosmic web.138

From measurements of the gravitational potential within the Milky Way, we can infer the distribution of dark matter locally and139

begin to reconstruct the full dark matter halo. While estimates of the local density of dark matter (within a few kiloparsecs of the140

Sun) have converged around a value of ρ ≈ 0.008M�pc−3 (see, e.g., [50, 51]), there is still a great deal of uncertainty surrounding141

the velocity distribution of the dark matter [52, 53], which impacts the direct detection rate via the distribution function f (v, t),142

as well as the motion of the Sun through the halo [54].143

Astrophysical uncertainties impact the reliability of signal modelling and hence feed in to the measurements of dark matter144

particle properties [55, 56] and the calculation of exclusion limits [57, 45]. However the presence of these uncertainties presents145

an opportunity for discovery via directional dark matter detection due to the limitation of detection via the conventional means.146

It has been shown that the prospects for directional detectors to measure the dark matter velocity structure greatly exceeds that147
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of an equal-standing non-directional detector [11, 58, 59]. This is primarily because with recoil energy information alone cannot148

be used to access the full three dimensional form of f (v) and is instead only sensitive to the one dimensional speed distribution.149

It should be emphasised however that the structure of local halo of the Milky Way is also of great interest. The measurement150

of anisotropies in the velocity distribution may provide insights into the formation archaeology of the Milky Way, as well as151

the fundamental properties of dark matter. In particular, directional detectors are well suited to detect kinematically localised152

substructures such as dark matter streams [60] such as the nearby Sagittarius stream [61]. While very massive streams can be seen153

indirectly via studies of disrupted stellar systems, small streams and low-mass dark matter halos are likely to have undetectable154

levels of influence on luminous matter; an opportunity to better understand the level of clumpiness of the Milky Way dark matter155

halo is a key potential advantage of directional detection. However, less prominent velocity substructures such as debris flows156

[62] as well as low levels of triaxiality or asymmetry will require many more events to detect [63], hence very large directional157

detectors will be essential.158

Any insight we may gain into the small-scale structure of dark matter halos has the potential to produce hints of non-vanilla159

dark matter models (such as warm dark matter, self-interacting dark matter, etc.) and to illuminate structure formation processes.160

It also has the potential to be fully unique probe, as there are currently very few observational handles on the small-scale structure161

and mass function of dark matter. The main limiting factors in the ability of directional detectors to constrain WIMP astrophysics162

are the precision obtained on the incoming direction of particles and the energy distribution of recoils [11]; we discuss the163

experimental prospects for direction and energy precision in Sections 3 and 4.164

2.1.4. Particle models and directionality165

[KM, COH]166

As well as simply detecting dark matter, we also require that a future large-scale experiment be able to uncover properties of167

the particle itself. This is particularly challenging as there are many competing models that may be degenerate with respect to the168

signals they produce in the usual direct detection schemes. For instance it has been shown that various classes of particle models169

give rise to unique directional signals that would go undetected in a conventional experiment. We outline a few of these here.170

Inelastic dark matter (IDM) models are those in which dark matter can have a lower or higher energy excited state that it171

can up- or down-scatter to after a nuclear recoil event. IDM models were proposed to reconcile the DAMA annual modulation172

signal [64]. The availability of excited states and the suppression of elastic scattering means that heavier nuclei are favoured,173

the low energy recoil spectrum is modified and the annual modulation is enhanced. It has also been shown that inelastic dark174

matter models can give rise to enhanced signal discrimination power in directional detectors [65]. This is because the recoils175

are more focused in the forward direction because slower WIMPs can not scatter with enough energy to induce an excited state.176

Directional detectors can also disentangle elastic and inelastic scattering events in dark matter models allowing for both [66].177

Another possibility is if dark matter exists in the form of ‘darkonium’ bound states composed of two or more particles (as is178

predicted in some configurations of asymmetric dark matter models) it has been shown that there may be angular signatures179

observable in directional experiments that can constrain their properties [67].180

Recently a novel scheme for describing non-standard signals in direct detection experiments was developed using non-181

relativistic effective field theory. The new framework proposes a set of additional set of operators beyond the simple spin-182

independent and spin-dependent, that include all Hermitian, Galilean and rotation-invariant interactions constructed out of the183

low energy degrees of freedom involved in the WIMP-nucleus interaction [68]. Certain examples, those which are dependent on184

the transverse velocity of the interaction, give rise to unique ring-like angular signatures [69, 70]. This means that directional185

detectors are potentially more powerful than conventional experiments in distinguishing between these particular operators.186

Furthermore these non-standard operators have suppressed interactions meaning event rates are inherently low. Large scale187

detectors will be essential for detecting dark matter if these interactions turn out to be the most important.188

2.1.5. Axions189

[COH]190

Direct detection experiments searching for WIMPs are not limited to a single class of dark matter candidate. Arguably second191

most popular class of candidate is the axion and its generalization, the axion-like particle (ALP). The motivation for axions192

originates in the popular solution of Peccei and Quinn [71] to the strong-CP problem of QCD, see e.g. Ref. [72] for a review. The193

ALP is inspired by the QCD axion but may have a variety of different theoretical origins, most notably from string theory [73].194

The masses of axions and ALPs can span many orders of magnitude but their stability and non-baryonic nature make them195

attractive dark matter candidates. Axions produced non-thermally in the early Universe via vacuum misalignment [74, 75, 76],196

decaying topological defects [77, 78] or in the form of axion stars [79] or miniclusters [80, 81] ensure that they can match the197
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required properties and cosmological abundance of cold dark matter (see e.g. Ref. [82]). Axions and ALPs are by construction198

coupled to the standard model through quark loops which gives rise to a number of potentially observable interactions for example199

axion-photon conversion inside magnetic fields, absorption by atomic electrons (the axioelectric effect) and spin-precession of200

nuclei [83]. In the case of the QCD axion the strength of the coupling and its relationship to the axion mass is prescribed by the201

theory, however for the generalized ALP the coupling may take any value.202

Existing WIMP direct detection experiments such as LUX [84], Xenon100 [85] and PandaX [86] have already constrained203

axions and ALPs in the search for their interactions with electrons via the ‘axioelectric effect’ an analogue process to photoelectric204

absorption [87, 88]. The coupling accessible to a WIMP experiment is therefore the axion-electron coupling, as opposed to the205

photon coupling measured in conventional resonant cavity searches such as ADMX [89] and CAST [90].206

Axions may be probed as both a dark matter candidate as well as a modification to the standard model. If axions are believed207

to comprise a significant fraction of the local dark matter density then they should stream into a detector and induce electron208

emission from target atoms with a sharp spectrum located at the axion mass. On the other hand, even if axions are not dark209

matter, it is expected that they should be produced in the Sun with∼keV energies. WIMP direct detection experiments will be210

able to observe these axions as well and their precise incoming flux and spectrum is understood [91]. As is the case with Solar211

axion telescopes such as CAST, if the ALP mass is much less than a keV then the signal is dominated by the energy of the212

Solar emission meaning an experiment is coherently sensitive to a large range of small masses. A large directionally sensitive213

experiment could be novel with respect to the detection of axions and ALPs because as with WIMPs there may be unique angular214

signatures. Although in the case of the axioelectric effect this is yet to be studied in detail and would require the directionality of215

emitted electrons at the relevant energy scales to be accurately reconstructed.216

2.2. Neutrinos217

[PB, KS]218

2.2.1. Coherent neutrino-nucleus scattering219

Coherent scattering between neutrinos and nuclei was predicted over 40 years ago with the realization of the neutral weak220

currents [92]. This standard model process went unobserved for many years due to daunting detection requirements: ∼keV221

nuclear recoil thresholds, kilogram to ton-scale target masses, and low backgrounds. Recently however the COHERENT exper-222

iment made the first measurement of this interaction [93]. Due to the small weak charge of the proton, the coherence results in223

an enhanced neutrino-nucleon cross-section that is approximately proportional to the square of the number of neutrons in the224

nucleus. A few years after the coherent neutrino scattering prediction, and, ironically, before the conception of the first dark225

matter direct detection experiments, the possibility of using this enhanced process to develop a “neutrino observatory” was put226

forward [94]. A cornucopia of physics searches were envisioned using neutrinos from stopped-pion beams, reactor neutrinos,227

supernova, solar neutrinos and even neutrinos of a geological origin.228

Shortly thereafter, the first generation of dark matter experiments began to search for the scattering of WIMPs of their229

detectors, where the signature was a low-energy nuclear recoil. These experiments have dramatically improved their sensitivities230

over the last three decades by simultaneously increasing the target masses, as well as reducing background nuclear recoils.231

Today the irony lies with the fact that the unshieldable recoils that result from coherent neutrino scattering will soon be a source232

of background for the next generation of dark matter direct detection experiments [36, 95, 37, 96]. Without the ability to separate233

the neutrino recoils, the progress in WIMP detection sensitivity will be halted. On the other hand, an experiment that can234

successfully separate and identify these neutrino events can not only proceed past the neutrino floor, but can also realize the235

long-awaited vision of a “neutrino observatory”. A detector with directional sensitivity has the potential to do just that.236

In the coherent neutrino scattering process, coherence is only satisfied when the initial and final states of the nucleus are237

identical, limiting this enhancement to neutral current scattering. The coherence condition, where the neutrino scatters off all238

nucleons in a nucleus in phase, is also only maintained when the wavelength of the momentum transfer is larger than that size of239

the target nucleus. Full coherence for all scatters is only guaranteed for low energy neutrinos – less than 10’s MeV, depending240

on the target size. The standard model total cross section for the process can be approximate (neglecting neglecting axial vector241

terms that arise from unpaired nucleons):242

σ =
G2

F

4π

[
Z(4 sin2 θW − 1) + N2

]
E2
ν |F(q)|2 (6)

Where GF is the Fermi constant, Z is the number of protons, N is the number of neutrons, θW is the Weinberg angle, q is the243

momentum transfer, Eν is the energy of the nucleus and θ is the scattering in the lab frame. It is evident that the cross section also244
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increases with the square of the energy of the neutrinos; however, while the form-factor condition–which comes in as |F(q)|2–245

is easily satisfied for Solar neutrinos, the total cross section begins to suffer from decoherence with supernova neutrinos, and246

neutrinos from stopped pion beams. A detector with an energy threshold of zero can expect to see several hundred to a few247

thousand recoils from solar neutrinos per ton-year of exposure, depending on the target mass [94].248

The differential cross-section with recoil energy can be approximated as:249

dσ
dErec

=
G2

F

8π

[
Z(4 sin2 θW − 1) + N2

]
M

(
2 −

ErecM
E2
ν

)
(7)

Where Erec is the recoil energy of the target nucleus, and M is the mass of the target nucleus. Assuming a 19F target, for example,250

and a 5 (10) keV threshold for observing nuclear recoils. This results in an expectation of ∼90 (15) background recoils per251

ton-year, from solar neutrinos alone [95].252

2.2.2. Solar neutrinos253

The most prominent source of neutrinos is our Sun with a total flux at Earth of 6.5×1011 cm−2 s−1 [97]. Due to the eccentricity254

of the Earth’s orbit, the Earth-Sun distance has an annual variation leading to a modulation in the Solar neutrino flux Φ,255

d2Φ(t)
dEνdΩν

=
dΦ

dEν

[
1 + 2e cos

(
2π(t − tν)

Tν

)]
δ (r̂ν − r̂�(t)) , (8)

where t is the time from January 1st, e = 0.016722 is the eccentricity of the Earth’s orbit, tν = 3 days is the time at which the256

Earth-Sun distance is minimum, Tν = 1 year, r̂ν is a unit vector in dΩν, and r̂�(t) is a unit vector in the inverse of the direction257

towards the Sun. The directional event rate is found by convolving this directional flux, with the directional cross section for258

coherent neutrino-nucleus scattering. The cross section with respect to the recoil angle can be written as:259

dσ
d(cos θ)

=
G2

F

8π

[
Z(4 sin2 θW − 1) + N2

]
E2
ν (1 + cos θ) (9)

The resulting recoils are thus biased to the forward direction, away from the location of the Sun. As the solar position changes260

diurnally with respect to the expected direction of the WIMP wind, an analysis of the recoil direction of events in the detector261

should reduce the impact of this background. A similar separation could be imagined for terrestrial, atmospheric and diffuse262

galactic supernova neutrino backgrounds–each with their own characteristic directionality and energy scale.263

The spectra of Solar neutrinos dΦ/dEν come in various distinct forms depending on the nuclear fusion reaction involved in264

their production. Neutrinos from the initial proton-proton fusion reaction, pp, make up 86% of the Solar emission [98]. Despite265

the huge flux of pp neutrinos they yield nuclear recoils well below the threshold of any direct detection experiment, however266

they would be the dominant source of electron recoils. Secondary fusion of p + e− + p and 3He + p produce neutrinos, labelled267

pep and hep, extend to energies beyond pp neutrinos but with lower flux. There are also two monoenergetic lines associated268

with 7Be electron capture with energies of 384.3 keV and 861.3 keV. The latter of these is principally responsible for limiting269

the discovery for mχ < 1 GeV [99]. At higher energies we have neutrinos due to the decay of 8B which extend up to ∼10270

MeV in energy placing them within the reach of nuclear recoil WIMP searches, as already discussed. Finally the highest energy271

neutrinos emitted by the Sun are those arising from the carbon-nitrogen-oxygen (CNO) cycle labelled by the decay from which272

they originate: 13N, 15O and 17F. These are at present unmeasured, but Borexino places an upper bound of < 7.7 × 108 cm−2 s−1
273

on the sum of their fluxes [100].274

The theoretical uncertainties on the Solar neutrino fluxes range from 1% (pp flux) to 14% (8B flux). Although out of these275

various components, four have now been directly measured: pp, pep, 8B and 7Be. For all except 8B, the theoretical uncertainty276

is smaller than the measurement uncertainty. The theoretical uncertainty originates largely from the uncertainty in the Solar277

metallicity, and in order to establish a self-consistent set of Solar neutrino fluxes one must assume a metallicity model. The278

Standard Solar models (SSMs) of Grevesse & Sauval [101] are generally split into two categories ‘high-Z’ and ‘low-Z’ based279

on the assumed Solar metallicity, Z. Both models have historically disagreed with some set of observables such as neutrino data,280

helioseismology or surface helium abundance [102]. The most recent generation of SSMs from Vinyoles et al. [103] have a281

mild preference towards a high-Z configuration, though neither are free from some level of disagreement with the various Solar282

observables. Dark matter detection experiments may shed further light on the Solar metallicity issue, e.g. Refs. [104, 99, 105].283

The measurement of CNO neutrinos will be essential for this, and may be possible in future dark matter experiments [105].284

The advantage of directional detection in performing these science goals is, as with dark matter searches, the vastly improved285

background rejection capabilities.286

9



2.2.3. Science with source and detector287

Stoppen pion neutrino source...288

2.2.4. Supernovae289

[KS] A core-collapse supernova will emit an enormous fluence of neutrinos over a few tens of seconds time scale. The290

neutrinos in the burst will have a few to a few tens of MeV of energy, and will include all flavors of neutrinos and antineutrinos291

with roughly equal luminosity [? ]. Dark-matter detectors with very low recoil energy thresholds are sensitive to a supernova292

neutrino burst via coherent elastic neutrino-nucleus scattering. The order of magnitude is a few events per ton of detector material293

for a supernova at ∼10 kpc (near the most likely distance to the supernova [? ]), and statistics will scale linearly with detector294

mass and as the inverse square of distance to the supernova. Such a detection would be valuable due to its sensivity to the entire295

flux, given that most other detectors online are sensitive primarily to the ν̄e (in water, scintillator detectors) and νe (in argon,296

lead detectors) components of the flux [106]. Furthermore, some neutrino spectral information can be reconstructed from the297

measured nuclear recoil spectrum.298

The advantages of directionality for the detection of supernova burst neutrinos via CEvNS are several: first, obviously,299

directional information about the source will be of value to observers in electromagnetic wavelengths and in gravitational waves300

who want to make prompt observations of the supernova event in real time. Currently, only detectors able to make directional301

measurements of elastic scattering on electrons have good pointing ability (and Super-K is the only current instance). Even if302

there is no obviously bright supernova event (as may be the case for a failed supernova), directional information will be able to303

narrow down the possible progenitors. Finally, the direction information can be used on an event-by-event basis to reconstruct304

an more precise neutrino energy.305

Diffuse supernova neutrino background as a test of cosmology? [39, 107].306

Detecting/pointing Galactic SN as in Ref. [108].307

2.2.5. Atmospheric neutrinos308

Atmospheric neutrinos, low energies still hard to measure [41].309

2.2.6. Geoneutrinos310

Geological neutrinos...? From Sven: yes, please. Here’s the reference: [109]311

2.2.7. Exotic models312

Dark matter experiments will also be able to explore novel neutrino sector physics. The recently measured coherent neutrino-313

nucleus scattering cross section [93] appears to agree with the standard model prediction currently. However it may be that there314

are additional non-standard interactions that would affect the recoil energy spectra observable in future dark matter experiments.315

For example Ref. [105] explored the prospects for future ton-scale experiments to perform novel Solar neutrino physics, such316

as measuring the pp or 8B flux, as well as constrain the running of the electroweak mixing angle and the possible existence of317

additional mediators from some light dark sector. Additional exotic interactions involved with both dark matter and neutrinos may318

also affect the shape of neutrino floor [110], for which directional experiments will be needed. It was also shown in Ref. [104]319

that direct detection experiments would be able to make complementary constraints on sterile neutrinos if both coherent nuclear320

and electron scattering of Solar neutrinos is measurable. Again, the strong directional signature from Solar neutrinos means that321

a directionally sensitive experiment may be very constraining if scaled up to large target masses.322

3. Existing Directional Detection Technologies323

[Section organizer: James Battat]324

325

Contributors to this section:326

• James Battat jbattat@wellesley.edu327

• Elisabetta Baracchini baracch@gmail.com (esp. with “emerging tech.” such as columnar recombination, nanotubes,328

anisotropic scintillators, DNA, etc.)329
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Directional detection can be achived by a direct reconstruction of the nuclear recoil geometry (e.g. by building a tracking330

detector), or by an indirect proxy for the recoil direction (e.g. a detector whose response depends on the relative alignment of the331

recoil and the detector axes). A detailed and critical assessment of directional readout technologies is provided in Ref. [111].332

3.1. Detectors that reconstruct the recoil track333

The currently active directional experiments all aim to reconstruct the geometry of the recoil track. Of these, most make use334

of a low-pressure gas Time Projection Chamber (TPC), in which the track geometry is measured in 1D or 2D or 3D. In addition335

to gas-based TPCs, track reconstruction at the FIXME sub-millimeter scale has been demonstrated in solid emulsions. More336

exotic and at this point unvalidated technologies such as a customized matrix of DNA strands have been proposed as well.337

3.1.1. Gas-based TPCs338

james will do this339

• Negative ion drift vs. Electron drift340

• amplification device may be integral to readout (micromegas, MWPC) or separate (GEM)341

• MWPC342

• MPGD (micromegas, mupic, pixel chip)343

• Optical344

3.1.2. Nuclear Emulsions345

James will populate this346

[112]347

see also EB’s excerpt.348

3.1.3. DNA strand detector349

A highly novel recoil tracking detector makes use of customized DNA or RNA strands mounted in a matrix onto a nanometer-350

thick gold foil [113]. A WIMP would interact with and kick out a gold atom from the foil, and the recoiling gold atom would sever351

several DNA strands. Using well-established biological techniques such as polymerase chain reaction (PCR) and sequencing, it352

would be possible to identify the (x, y, z) coordinate of each severing event, thereby reconstructing the nuclear recoil axis (though353

not the vector direction). Originally proposed in 2012, there are no published experimental demonstrations of this technology.354

3.1.4. Planar targets (graphene)355

Nuclear recoils in a 3D (bulk) target suffer multiple interactions with the surrounding medium that scramble the recoil356

direction. In principle, the recoil direction can be more directly measured if the target is planar. Furthermore, planar targes can357

be fabricated from semiconductor materials in which the exictation energy is on the order of ∼ 1 eV, allowing even MeV-scale358

WIMPs to initiate electronic excitations. A recent proposal [114] suggests that 2D graphene could serve as a directional detector359

of sub-GeV WIMPs. This is a particularly interesting idea, especially given that no other directional technology can probe this360

WIMP mass scale. Although there has not been an experimental demonstration of this technology, it may be possible to do so361

within the PTOLEMY experiment (a relic neutrino search) [115].362

3.2. Detectors that indirectly determine the recoil direction363

3.2.1. Anisotropic scintillators364

Solid scintillators (e.g. NaI and CsI) are commonly used in particle detection, and specifically in dark matter detection.365

Because of their large target mass and high-A content, they are particularly interesting for spin-independent WIMP searches.366

Some scintillators, such as ZnWO4 and stilbene have been shown to exhibit a response that depends on the recoil ion direction367

relative to the crystal axes. In principle, this scintillation anisotropy can be used to infer the nuclear recoil track direction without368

direct reconstruction of the track geometry. Several groups have explored the possibility of using anisotropic scintillators for a369

directional dark matter search [116, 117, 118, 119, 120, 121], though the magnitude of the anisotropy is too small for a sensitive370

directional WIMP search.371
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It is important to notice that none of this have yet proven anisotropic scintillation for low energy nuclear recoils. Therefore,372

all the quoted energy resolution, threshold and general performances are for general detection of alpha, beta and gamma radiation373

and not necessarily valid for nuclear recoils.374

3.2.2. Columnar recombination375

When heavy tracks ionize a medium, a column of electrons and ions gets created along the track direction. If no electric field376

is present, these particles will recombine producing a scintillation light signal. Since recombination probability depends on the377

proximity of electrons and ionized atoms, if an external electric field is applied, the amount of light produced will depend on the378

relative orientation of the field with respect to the ionizing track. A large angle, in fact, will lead electrons transversely away379

from the ions, generating a small recombination scintillating signal (R), while a small angle will bring electrons and ions closer380

together and produce a relative enhancement of the R signal with respect to the ionization signal (I). A precise measurement of381

the R/I ratio (charge/light) could therefore be used to ?sense? the directionality of the track without actually seeing it [122]. Since382

the direction is inferred from this ratio that is produced prior to the drift, all the limitations imposed by the degrading effects of383

diffusion, avalanche gain and reconstruction noise would be effectively largely reduced, possibly allowing the construction of384

large monolithic Xenon gas TPC at the ton-scale. With the Xe density at 10 bar being 0.05 gr/cm3, a 1-ton detector could be385

realized with only 20 m3.386

Evidence for columnar recombination in alpha tracks was observed in dense Xenon [123], so the question still to be answered387

is if this can be seen for the much shorter nuclear recoils. Recent simulations [124] confirm how, with the proper cooling of the388

ionized electrons, the recombination probability should show directional sensitivity for track longer than about 2 µm in gaseous389

Xe at 10 bars, implying about 30 keV energy threshold. The main issue is to keep electrons thermalized near the ions in order to390

recombine efficiently, but unfortunately pure Xe do not satisfy this requirement due to the lack of inelastic scattering below 7 eV.391

This is the reason why the only only published work on the subject employed Trimethylamine (TMA) as dopant, because of its392

large inelastic cross-section, its UV-quenching properties and the possibility of exploiting a Penning effect. The transformation393

of the Xe+ image into the TMA+ molecular image and the columnar recombination happening on TMA+ ions would then provide394

light around 300 nm, a much more PMT-friendly light than the Xe emission spectrum. Unfortunately, despite enhancement of395

recombination with TMA was observed, no sign of scintillation light from recombination was detected and TMA was found to396

highly absorb Xe light without re-emitting it [125]. The use of alternative dopants, possibly generating negative ions drift, has397

recently been suggested but not yet tested.398

While columnar recombination is intrisically sensitive to the axial track direction but not to its sense, the combination of two399

detector with the drift fields anti-aligned could be able to show head-tail sensitivity in a statistical way. The final performances of400

an experiment based on this technique, in terms of energy threshold and resolution, directionality performances and efficiencies,401

will highly depend on the readouts chosen to detect the light and charge produced in the process, and is therefore beyond the402

possibility of evaluation as for today.403

3.2.3. Carbon nanotubes404

Single wall aligned carbon nanotubes (CNTs) have been recently proposed as a DM target due to their an anisotropic response405

to neutral particles [126]. When a C ion gets scattered off the CNTs walls, in fact, if the right initial conditions are met, it sees the406

tube as empty and can travel with nearly no loss of energy (i.e. channeling). Numerical simulations have confirmed that different407

orientation of the CNTs axis with respect to the Cygnus constellation would give sensibly different channeling probabilities and408

therefore produce significantly different C ions current at the end of the nanotube.409

The proposed detector concept by [126] is a brush of CNTs array closed at one end and opened at the other, inserted in a410

(low-pressure) TPC to detect the outgoing C ions down to low ∼ 10 keV. An R&D effort is currently on-going in Italy to test411

the channeling hypothesis for neutral particle scattering and the TPC detector approach. If these were proven successful, then412

an experiment based on this technique would profit from the higher density of CNTs (seems possible to reach about 10 kg on413

100 thin stacked CNTs panel of 1 × 1 m2 each) and possess about the same performances of a gaseous TPC-based approach,414

depending on the chosen readout. Other possible detector configuration (with solid target to detect the outcoming C ions, for415

example) could also be considered and would show significantly different performances.416

3.3. Summary table417

Requires a bit of thought...418

• Energy resolution demonstrated.419
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• Axial reconstruction demonstrated? Down to what energy? With what angular resolution?420

• Sense-recognition demonstrated? Down to what energy?421

• Full-volume fiducialization demonstrated?422

• Flexibility for different targets (mostly for gas-based TPCs – e.g. different gases, negative ion vs. electron drift)423

• Technological readiness (including largest volume in operation, prospects for scaling up, some mention of cost per some-424

thing (e.g. volume, or area, or ....)425

• Background discrimination? This would potentially be a rather hard item to cover... gamma/recoil separation studies by426

Loomba et al.427

NEWAGE: 1e-6 at 50keVee at 100 Torr (CF4)428

DRIFT: 2e-7 above 30keVr at 41 Torr (CS2:CF4:O2)429

MIMAC: ???430

Pixel chips: ???431

Dinesh: ???432

• background level studies of material / components - perhaps already covered by Neil?433

4. Comparison of Directional WIMP and Solar Neutrino Sensitivity434

[Section organizer: Sven Vahsen]435

436

This section compares the directional sensitivity of different TPC readout technologies to key science goals, such as discov-437

ering a WIMP signal pointing back to CYGNUS, and using the detected recoil angle distribution to distinguish or separate a438

WIMP signal from a neutrino signal. These comparisons incorporate cost, as the ideal detector is the one the maximized science439

sensitivity per unit cost. We also estimate electron rejection factor versus energy of each technology. We assume here that zero440

background is achievable with each technology. That assumption is explored further in section 5, where the impact of the electron441

rejection factors is discussed. As discussed in section 2.1.2, reference [10] has already compared the ability of detectors with 1-d,442

2-d, and 3-d readout dimensionality to detect a WIMP signal below the neutrino floor. Here we aim to go one step further, by443

simulating specific readout technologies from the ground up. By simulating irreducible detector effects such as diffusion of drift444

charge and readout noise, we obtain a more realistic, energy dependent description of the detector performance. For instance,445

the angular resolution for nuclear recoils becomes energy dependent, and the head-tail (i.e. vector) sensitivity turns on softly at446

a readout-dependent energy threshold. Existing directional detectors were already discussed in section 3. Our goal here is not to447

compare specific experiments, but rather available technologies, which could be used in future experiments. Hence we focus on448

gas TPCs, which are the furthest along in terms of technological readiness. The performance of these detectors has been studied449

extensively, allowing us to performance simulation and ensuring our our comparison is realistic. Comparing TPCs against other450

approaches is also important, and may still be included here, if time allows.451

4.1. Simulation452

The simulation of directional detectors used here consists of the following stages: momentum vector generation, generation453

of nuclear recoil and electron ionization distributions, simulation of the charge propagation in the detector, simulation of the454

detector readout, track fitting and final analysis. Each stage is described below.455

4.1.1. Momentum vector generation456

WIMP recoil vector are generated using the Standard Halo Model (SHM), where the dark matter is modeled as an isotropic,457

isothermal sphere with circular velocity v0 = 220 km/s and escape velocity vesc = 533 km/s and a dark matter density of458

ρ0 = 0.3 GeV/cm3 at the detector. The form factors used are .... In transforming the recoils to lab coordinates, (unless explicitly459

stated otherwise), the detector lattitude and longitude are taken to be those of Boulby, England. Recoils are distributed uniformly460

in time over one year, and spatially uniformly in the detector. Electron momentum vectors are generated uniformly in the detector461

and isotropically with respect to the detector coordinate system.462

13



4.1.2. Nuclear recoil and electron event generation463

To simulate nuclear recoils and electron events, we utilize the event generators SRIM [127] and DEGRAD [128], respectively.464

Both generators take as input the momentum vector of the particle to be simulated, and configuration files that specify the gas465

mixture. SRIM then outputs a 3-d distribution of energy lost to ionization, while DEGRAD outputs a 3-d distribution of ionized466

electrons. Figure 2 shows examples of generated events, and Figure 3 shows properties of the generated events versus energy, for467

two gas mixtures.468

Figure 2: Examples of generated events. Left: 10 keVee Flourine recoil in 20 torr of SF6 gas, generated with SRIM. Right: 10 keVee electron event in 20 torr of
SF6 gas, generated with DEGRAD.

Figure 3: Range, quenching factor, and stragling of Flourine recoil and electron events in SF6 gas, versus ionization energy.

4.1.3. Simulation of detectors and readouts469

After generating charge clouds as described above, we simulate the drift of ionization in TPCs using the parameters in Table470

1. These parameters only depend on the target gas being simulated, and are common for all readouts, to ensure a fair comparison.471

Note that the common parameters include the same avalanche gain and gain resolution for each readout. This means that we472

are comparing detectors with the same gain stages, but different charge readout technologies. While many other combinations473

are possible, keeping the gain stage fixed allows us isolate the effect of each readout on the final performance. The subsequent474

detection of drift charge is simulated using the readout specific parameters shown in Table 2.475

Table 1: Gas-dependent parameters used in the TPC detector simulation.

Gas mixture SF6 SF6:He SF6:He

Gas pressure [torr] 20 60:20 600:200
W [eV / ion pair] 35.45
Avalanche gain 9000
Gain resolution, σG/G [%] 20
Transverse diffusion, σT [µm/

√
cm] 116.2

Longitudinal diffusion, σz [µm/
√

cm] 116.2
Drift velocity [µm/µs] 140
z binning (assume 1MHz sampling) 140

4.2. Directional power of detectors versus recoil energy476

The final detector comparison is sensitive to astrophysics, gas optimization, detector performance, and cost. To decouple477

these effects, we here start out by quantifying directional performance versus recoil energy. This is done by estimating how many478

recoils each detector needs to observe, to discriminate a delta function (all recoils go in the same 3D direction) at 5-sigma from479

a flat recoil distribution, versus recoil energy. This goal here is to provide an intuitive result that clearly shows the recoil energy480

range where each technology is effective, and how directional it is.481

4.3. Directional WIMP and Solar Neutrino Sensitivity482

Compared to the previous section, in this section, and the next, we now also fold in the recoil distributions for a realistic483

physics scenarios, target interaction probability, and cost. We explain how we compare the sensitivity of directional technologies,484

including how we optimize for nuisance parameters such as gas pressure. The procedure for one physics goal is explained in485

detail, culminating in a final publicity plot where directional detector technologies are compared against each other and against486
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Table 2: TPC readout technologies being simulated, and readout-specific parameters that are used in the simulation of each. The capacitance listed is that for a
single detector element, which determines the noise level.

Readout type Dimensionality Segmentation Capacitance Noise in 1 µs Threshold/Noise
(x × y) [pF] [e−]

planar GEM 1-d (z) 10 cm × 10 cm 3000 18000 e- 3
large pixels 1-d (z) 3 mm × 3 mm
wires 2-d (yz) 1 m wires, 2 mm pitch 800 3
optical CMOS 2-d (xy) 200 µm × 200 µm - t.b.d.
resistive strip Micromegas 3-d (xyz) 1 m strips, 200 µm pitch 500 2800 3
pixel ASIC 3-d (xyz) 200 µm × 200 µm 0.012 - 0.200 42 30

non-directional ones. Such a publicity plot is one key goal for the paper. A candidate example plot could be "# sigma that a487

galactic-coordinate dipole pointing back to CYGNUS, and a flat recoil distribution can be separated, per million dollars, for a488

100 GeV WIMP" [with a specified cross-section]. Non-directional detectors probably score zero on this performance metric. If489

cost proves too hard to pin down, then we can instead show #sigma per cubic meter for each technology, chose a TPC with wires490

as the default, and tabulate the required cost for other technologies to become competitive.491

4.4. Figure of Merit for Specific Science Goals492

The same procedure as in the previous section is now repeated for a number of physics goals. Again, we’ll ask Ciaran to493

generate the 3-vectors for nuclear recoils from WIMPs and neutrons. This time, only the final result (the publicity plot) is given494

for each physics goal.495

Candidate list of physics scenarios (will be revised based on physics case chapter):496

• discover DAMA/LIBRA WIMP497

• discover 100 GeV WIMP above neutrino floor498

• discover 1TeV WIMP above neutrino floor499

• discover WIMPS below neutrino floor (1, 10, 100, 1000 GeV)500

• discover WIMP streams501

4.5. Electron rejection factors502

4.6. Optimization of gas pressure503

4.7. Optimization of drift length504

4.8. Optimization of detector segmentation505

4.9. Conclusion on Technology Choices506

Follow this with discussion of optimal technology choices: Is there a general winner that emerges? Or one winner for high,507

and one for low energy recoil scenarios? Is the conclusion biased by the zero background assumption? How would it change if508

discrimination power is included? (Can we think of an easy way to do that?)509
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Figure 4: Electron rejection factor versus energy, for electron events with 3d readout, before (left) and after (right) diffusion of drift charge.

5. Zero Background Feasibility510

[Section organizer: Neil Spooner]511

512

Direct search dark matter experiments strive to control backgrounds sufficiently so as to achieve an expected rate of less513

than 1 background event recorded in the anticipated exposure time and target mass, essentially that we have zero background514

within the fiducial volume. An assumption that this is achievable for all the directional technologies compared here was an515

important caveat made in the previous section of this work. This next section now addresses the realities of this assumption.516

Specifically we seek to answer the question firstly whether or not directional low pressure gas TPCs can in principle achieve517

such low backgrounds at the experiment scale required to reach the proposed scientific goals, but further, whether particular TPC518

readout technologies, with their individual associated intrinsic backgrounds and discrimination capabilities, are more or less able519

to reach these goals. The latter aspect depends in part on assumptions about the radio-purity of internal detector materials likely520

involved, most notable for instance because this affects the total internal neutron background. So an alternative tack, adopted521

here also, is to estimate and compare the specification on material radio-purity required for success, for instance the 238U content522

in each case, then to comment on the achievability of these requirements.523

As shown in [ref x, Abbassi 2005] the additional particle identification properties of directional detectors mean that in524

principle they may in actuality be able to tolerate a non-zero level of isotropic nuclear recoil background, yet still be able to525

identify the signal of interest here for dark matter, a non-isotropic distribution of recoil directions. However, the level of tolerance526

will depend strongly on the capabilities of the technology and anyway will clearly reduce sensitivity overall. A maximum signal527

to background ratio of order 10 might be a reasonable upper limit in certain circumstances [ref ?]. Nevertheless, a good starting528

point for comparison purposes, adopted for this work, is to assume an aim of zero background.529

The following sections present results and conclusions on these issues based on new Geant4 detector Monte-Carlo simu-530

lations of the various key background contributions. Although not necessarily mandatory, experience from many dark matter531

experiments demonstrates that full fiducialisation of the active detector volume is likely necessary to achieve the background532

goals. This aspect is addressed in 5.1. The fundamental issue of the neutron background, which results in nuclear recoil events533

likely indistinguishable from WIMP induced events, is addressed in 5.2, considering separately contributions from cosmic ray534

muon neutrons, and rock and detector neutrons. The subsequent parts cover respectively simulations of gamma, radon related535

backgrounds. For the majority of the technologies some generic conclusions can be drawn based on the commonality of the basic536

infrastructure needed for any TPC dark matter experiment, such as a deep site, passive shielding and containment vessel. The537

majority of any variance from this comes from details of the internal TPC structures, notably the readout planes. These aspects538

are together summarized in 5.6.539
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5.1. Fiducialization540

5.2. Neutron Backgrounds541

Neutrons are a major concern for all direct search experiments because they can produce nuclear recoils just like WIMPs.542

However, there are various issues that make the requirements for mitigating against neutron backgrounds in a low pressure543

gas TPC significantly different from those cases involving conventional solid or liquid based detector technologies. Firstly, the544

potentially low sensitivity to light charged particles, muons, muon-induced secondary particles and electrons, means that these545

may not be recorded. Secondly, the low density of the target means neutrons are less likely to undergo double or multiple546

scatters. Both these factors potentially reduce options for vetoing neutron induced nuclear recoils, depending on the readout547

technology chosen. The former does depend critically on the degree of position segmentation of the readout and the energy548

threshold achievable in those individual readout channels, essentially the sensitivity to dE/dx. The issue of vetoing by recording549

multiple neutron scatters then depends on the contiguous size of the detector array. For instance, at 200Torr SF6, the mean free550

path of a typical background neutron is 60m. This would be the sort of scale required to have any benefit from detection of551

multiple neutron scatters.552

Factors such as these, the uniqueness of the low pressure TPC technique and potentially powerful particle identification,553

mean that estimating neutron backgrounds by extrapolation from existing background simulations such as have been performed554

for massive xenon or bolometric detectors [Aprile 2013, arxiv 1306.2303v2 has a good description for XENON100 ], is not555

appropriate. The work presented here is thus based on a set of dedicated TPC Monte-Carlo simulations. Some relevant initial556

work on neutron backgrounds was previously undertaken by some of the authors here but focused on smaller TPC target masses557

of order 1 − 10kg [This is the Cygnus24 paper ? ]. The new work presented here makes use of the latest updated Geant4 and558

SOURCES packages and specifically targets the more complex situation of neutron background mitigation in the much larger559

experiments required to reach the goals of CYGNUS. As noted the procedure adopted is to start by examining aspects that560

are independent of the internal readout technology. This includes firstly the laboratory location, determined by the depth, rock561

composition and cavern geometry. Secondly, the outer passive shielding and any active veto system, and finally the containment562

vessel, modeling both its geometry and composition. The remit here is to investigate muon-induced neutrons resulting from563

cosmic-rays penetrating from the Earth’s surface and also neutrons produced by spontaneous fission and alpha-n reactions in the564

rock and shielding/vessel materials. The procedure thus requires simulation of the geometry, particle production, tracking and565

detection, the goal being to find the rate of neutron-induced nuclear recoils anticipated in different situations. From this can be566

determined requirements for such issues as the amount of passive shielding, the efficiency and form of any external veto and the567

form and purity of the vessel materials, such as required to achieve the goal of zero background. The issue of neutrons from568

internal detector components, that depends on details of the readout technology, is addressed last.569

5.2.1. Laboratory and TPC Geometry570

Most parameters are independent of the location of the experiment, especially regarding the inner parts of the detector. Other571

parameters can be scaled to estimate the rate of background events at different laboratories. For these simulations, we concentrate572

on the background present in salt rock similar to the Boulby Underground Laboratory in the UK.573

In the case of neutrons from (α, n) and spontaneous fission emanating from the rock, 3m of material were simulated on574

each side of the detector. As presented in 5, simulations have shown that the neutron flux saturates at this distance so neutrons575

produced beyond 3m do not actively contribute to the total neutron flux. For muon-induced neutrons, the thickness of rock is576

increased to 20m in order to fully allow the muons created at the surface of the geometry to decay.577

In both case, it was assumed that no objects other than the vessel and its shielding are present in the cavern. The dimension578

of the vessel, however, depends on the materials from which it is made and the composition and pressure of the gas adopted for579

the experiment of which there are many possibilities. For the purposes of making broad comparisons here, bearing in mind the580

science goals of CYGNUS, it was decided to assume use of SF6 gas at 50Torr with volume sufficient to produce around 0.5Ton of581

target nuclei, in this case of fluorine. In both case, a generic detector with an inner-volume of 10× 10× 10m3 was modeled. Real582

vacuum vessels of such size will require strengthening supports both inside and outside. However, for simplicity in simulations583

the mass of these was taken into account by applying an appropriate average increase in thickness to the vessel walls.584

As stated, the background from internal TPC components will be affected by details of the readout design, covered later.585

Nevertheless, some generic assumptions can be made about other TPC structures required inside the detector which are likely586

common to any design. Most notable here is the central cathode and field cage. However, we note that the total area required for587

the former will also depend on the gas mixture adopted, since this influences the diffusion and hence determines the maximum588

drift distance that can be tolerated. For the comparisons here we assume a compromise drift distance of 50cm, which yields a589
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Figure 5: Rock neutron flux at Boulby as a function of depth

total cathode area of 2000m2 in both options. The design of this is assumed here to comprise ultra-thin cathode sheets supported590

on acrylic frames. The field cage itself can also be made of light acrylic components, with copper strips to act as the field rings.591

In these components the acrylic provides by far the dominant mass, conservatively estimated to be 86.4 tons [1000xDRIFT].592

The components are, in turn, approximated as sheets of appropriate thickness in the TPC to simulate their neutron yield. The593

thickness of the sheets is chosen such that it may account for self-shielding. Geant4 provides the option of homogeneously594

populate the material studied with the relevant primary particles. This option enables the simultaneous treatment of background595

originating from the bulk of materials, as well as surface background contamination.596

5.2.2. Rock Neutrons and Passive Shielding597

The first simulations were performed to determine what thickness of passive neutron shielding is required around the598

CYGNUS detector to ensure an induced recoil rate from this source that is below 1 per year. It is recognized that an active599

veto shield is also likely needed to assist with rejection of muon related neutrons (see 5.2.5) and that, in practice, this could be600

fully, or partially, integrated with the passive shield. The simulation varies the thickness of a water shield around all sides of the601

detector until the requirement of less than 1 background event per live-year is fulfilled. Possible contamination of the water by602

radionuclei was not simulated as measurement performed at Boulby for DRIFT showed that the level of contamination in clean,603

non-distilled water were on par with the levels already obtained with polypropylene pellets. Furthermore, it is assumed here that604

any containment structure or internal components, such as photomultipliers, are of sufficiently low background and low mass to605

be ignored. We note also that account needs to be taken of the energy threshold chosen, as determined in part by the science606

priorities. To allow for this we consider cases for a 1 and 10keV threshold.607

For this work, SOURCES was used to generate neutrons from the U and Th decay chains in salt rock corresponding to the608

Boulby Underground Laboratory. The results obtained in this section can be scaled to different underground laboratories and609

additional shielding materials can always be added if required. SOURCES simulates the contribution to the 238U chain from610

spontaneous fission using the Watt spectrum, while the (α, n) spectra are computed from the energy of the alphas and the related611

cross-sections, branching ratios for the different transitions between excited states, lifetimes of the isotopes and stopping power612

of the alphas in the modeled materials. The version of SOURCES used has been modified to extend the energy range considered613

from up to 6.5MeV originally to up to 10MeV using experimental data [Quote Carson ?].614

6 shows the neutron energy spectra obtained for both decay chains at Boulby. We used Geant4 to randomly populate the rock615

with isotropic neutrons with energy sampled from the sum of spectra obtained with SOURCES. The simulation was repeated for616

various thickness of the water shield until the nuclear recoil rate in the gas was below the imposed limit. The results obtained617
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Figure 6: Neutron energy spectrum from the salt rock at Boulby

Water shield thickness Nuclear recoil rate in salt rock
50cm (1.8 ± 0.7) × 10−6Hz
75cm ≤ 2.96 × 10−8Hz (90%CL)

Table 3: Nuclear recoil rates from rock neutrons above a 1keVr threshold as a function of shield thickness in salt rock

are summarised in Table1. Similar tests with Geant4 carried out by the authors have shown that there exists a linear relationship618

between the nuclear recoil rate in the detector and the pressure of the target gas so long the probability of double scattering of619

neutrons in the gas remains negligible. We have found this relationship to be true only for nuclear recoils. On the other hand,620

simulations of Compton scattering at different pressures have shown evidence for self-shielding from the gas at high pressure.621

To reduce the computational burden, simulations of the rock background were done at 600Torr, a factor 12 above the chosen622

pressure. We made sure that simulations performed at both the increased and nominal pressure indeed returned the same results.623

This shortcut is possible since low pressure gas TPCs can be made insensitive to gammas by increasing their threshold such624

that the lower dE/dx of electron recoils do not trigger the analysis. In each case, a separate simulation dedicated to the gamma625

background was performed at nominal pressure.626

3 shows that 75cm of water shielding are required in order to reduce the neutron background in salt rock below 1 event627

per year. The concentration assumed were 70ppb
(

238U
)

and 125ppb
(

232Th
)

as reported in [Murphy, IDM2004]. We found628

that 70ppb of 238U produced 3.5 × 10−8neutrons/s/cm3 with a mean energy of 1.74MeV, and that 125ppb of 232Th produced629

3.08 × 10−8neutrons/s/cm3 with a mean energy of 1.92MeV.630

5.2.3. Vessel Neutrons631

As seen in 5.2.2, the external rock neutron flux can be controlled by passive shielding. Neutrons from internal detector632

radioactivity are known to be a harder challenge since control of this likely relies on selecting radio-pure materials, use of tricky633

internal shielding or innovative analysis techniques. The vacuum vessel, being the component with by far the largest mass, has634

the potential to dominate this aspect, followed by the outer passive shield, TPC field cage, and resistors. Rather than assume635

values for the U and Th content of the vessel materials the approach taken here is to determine from the simulations what amount636

of U, Th contamination can be tolerated in the vessel without compromising the criteria of less than one event recorded per year,637
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1keVr threshold 10keVr threshold
shield thickness U (ppb) Th (ppb) U (ppb) Th (ppb)

0cm (4.910 ± 0.004) × 10−3 (2.455 ± 0.002) × 10−3 (6.537 ± 0.006) × 10−3 (3.269 ± 0.003) × 10−3

10cm (2.709 ± 0.007) × 10−2 (1.354 ± 0.004) × 10−2 (3.96 ± 0.01) × 10−2 (1.983 ± 0.006) × 10−2

20cm (8.1 ± 0.1) × 10−1 (4.05 ± 0.06) × 10−1 1.14 ± 0.02 (5.7 ± 0.1) × 10−1

Table 4: Maximum concentration of 238U and 232Th for a steel vessel with internal acrylic shielding

1keVr threshold 10keVr threshold
shield thickness U (ppb) Th (ppb) U (ppb) Th (ppb)

0cm (8.54 ± 0.02) × 10−4 (1.422 ± 0.003) × 10−3 (9.86 ± 0.02) × 10−4 (1.644 ± 0.003) × 10−3

10cm (9.95 ± 0.06) × 10−3 (1.66 ± 0.01) × 10−2 (1.30 ± 0.01) × 10−2 (2.16 ± 0.01) × 12−2

20cm (1.73 ± 0.03) × 10−1 (1.73 ± 0.03) × 10−1 (1.33 ± 0.03) × 10−1 (2.21 ± 0.05) × 10−1

Table 5: Maximum concentration of 238U and 232Th for a titanium vessel with internal acrylic shielding

at each energy threshold. Given the potential difficulty of obtaining steel with low U, Th content, the simulation also considers638

acrylic and titanium vessels. For the steel and titanium vessels, we explore the possibility of including acrylic shielding inside639

the vessel to block neutrons emanating from the vessel. In this case, the acrylic inner-shield is assumed to be inert, but its neutron640

yield can be estimated from the simulation of an acrylic vessel. In order to deduce the maximum U and Th content possible, it641

is necessary to fix the ratio of the two. We used the UKDM database [ref of UKDM] to estimate the typical ratio of U to Th.642

This ratio seemed to vary greatly between samples, especially in the case of steel. In these situations, we chose a ratio which643

would correspond to a typical case, or to a known example. As such, a ratio of CU = 2CTh was assumed for steel, roughly similar644

to the ratio in the DRIFT vessel stainless steel. In any case, these results should be considered as benchmark values in order to645

estimate the feasibility of building a large dark matter TPC detector rather than a full background simulation. Secular equilibrium646

is assumed for both the U and Th decay chains. Tables 2 and 3 summarise the results in terms of specifications on the maximum647

U, Th levels that can be tolerated in each scenario in order to obtain less than one nuclear recoil per year..648

Some initial conclusions can be extracted from these results. Firstly, a large radio-assay was conducted for the LZ experiment649

[ref LZ paper] when several samples of steel were examined. Low-background concentrations were achieved at 0.08ppb 238U and650

0.12ppb 232Th. This is a factor 10 improvement for U and 5 for Th compared to the DRIFT vessel (0.81ppb U and 0.51ppb Th)651

[ref UKDM]. However, similar concentrations were achieved in stainless steel by the GERDA group (0.081ppb U and 0.37ppb652

Th) [Ref Gerda paper]. The simulation shows a slightly larger tolerance for contaminated steel than for titanium, this is because653

SOURCES predicts a higher neutron mean energy in titanium. To our knowledge, no efforts to develop steel with contamination654

levels on the order of 10−4ppb have been fructuous so steel vessels without internal shielding may not be a viable option for655

detectors of the size of CYGNUS. Regarding Titanium, the lowest concentrations reported in the LZ background assay [Ref LZ656

paper] are 7.29 × 10−3ppb U and 5.66 × 10−2ppb Th. These figures place the need for acrylic internal shielding slightly above657

10cm. A steel vessel would require slightly more than 10cm of internal acrylic shielding, but given the small difference, the658

prohibitive cost of titanium may be an advantage to stainless steel vessels.659

Finally, we turn our attention to designs based on acrylic vessel. This simulation can both test the viability of acrylic vessels660

and the effectiveness of the acrylic internal shield mentioned above. Indeed, the steel and titanium designs rely on the assumption661

that the contribution of the internal shield to the neutron flux would be negligible. The simulation of a 47 tonnes acrylic vessel662

shows a maximum concentration of (6.607 ± 0.004) × 10−3pbb with a 1keV threshold and (9.301 ± 0.007) × 10−3pbb with a663

10keV threshold. These numbers are comparable to the radio-purity achieved in acrylic with SNO+, 2.35ppt 238U and 9.60ppt664

232Th [ref SNO+ paper (Neil’s email 21/10/16)].665

Different vessel designs made of steel, titanium and acrylic have been compared. We showed that both steel and titanium,666

assuming the best concentrations of radio-nuclei available in the literature, require the addition of about 10cm of acrylic internal667

shielding in order to bring the nuclear recoil rate below one per year. In the case of a steel or titanium vessel, the additive668

contributions of the vessel and its inner shield to the neutron background would require that the concentrations of the different669

radio-nuclei be well below the maximum figures quoted in 4 and 5. We conclude that acrylic vessels are the preferred option in670

terms of managing the background levels.671
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Threshold Concentration of 232-Th per gram (ppb/g) Concentration of 238-U per gram (ppb/g)
1keV (9.35 ± 0.02) × 103 (1.870 ± 0.004) × 103

10keV (1.182 ± 0.003) × 104 (2.363 ± 0.005) × 103

Table 6: Maximum allowed concentrations of 238U and 232Th per grams of polymide in µ − PIC read-outs.

Threshold Concentration of 232-Th and 238-U per gram (ppb/g)
1keV (5.6 ± 0.1) × 104

10keV (7.3 ± 0.2) × 104

Table 7: Maximum allowed concentrations of 238U and 232Th per grams of copper in GEMs read-out.

5.2.4. TPC read-out neutrons672

Many of the current directional detectors [need ref to each one] have been built around different read-out technologies. In673

this section, we investigate the neutron background from the main materials used in each read-out. While backgrounds from the674

rock and the vessel are expected to dominate due to their relative size, the detector cannot be shielded from neutrons produced by675

the read-out materials. This and the large volume of CYGNUS make the careful selection of read-out materials an important part676

of the design process. In this section, we only explore the background level of the read-out, the comparison of their directional677

sensitivity is discussed in 5.6. For each material examined, we used SOURCES to estimate the neutron production rate for 238U678

and 232Th. We then simulated neutrons sampled from each spectra separately using Geant4 to obtain a separate figure for both679

decay chains. Similarly to the vessel background simulation, we fixed the U to Th ratio based on materials listed in [ref UKDM680

databank]. The simulated neutrons are produced in a sheet of the studied material placed inside the gas volume of the CYGNUS681

detector. The thickness of the sheet is chosen to resemble the typical thickness of the material simulated. For example, for the682

simulation of neutrons from ceramics, the thickness of the simulated sheet of ceramic was that of a resistor. From the results,683

we calculate the maximum concentration of 238U and 232Th per grams of material such that the neutron background from this684

material is less than 1 event per year with a threshold at either 1 or 10keVr.685

Firstly, we investigate the Micro Pixel Chamber (µ-PIC) readout as used in NEWAGE [ref NEWAGE + arXiv:hep-ex/0301012v2686

for m uPICS]. The µ-PIC is constituted of a double sided circuit board separated by 100µm thick polymide substrate. The upper-687

limits on the concentrations of radioactive isotopes found by the NEWAGE collaboration are < 2.997ppb 238U, < 6.642ppb 232Th,688

and < 13.243ppm 40K. 6 shows the results of the simulation for the µ− PIC polymide. Based on an 0.8mm thick polymide and a689

drift distance of 50cm, the total mass of polymide can be estimate as roughly 2.2Ton corresponding to a maximum concentration690

on the order of 5.27 × 10−3ppb for 232Th and 1.05 × 10−3ppb for 238U.691

The combination of pixel and Gas Electron Multipliers (GEMs) have been investigated as possible read-out for a TPC dark692

matter detector [Ref D3 arXiv:1110.3401 and UNM arXiv:1510.02170]. Thick GEMs are composed of two sheets of copper693

separated by ~0.4mm of kapton. Radio-pure copper can be manufactured with U and Th levels below 0.1ppb [Ref UKDM], but694

the concentration of these isotopes in kapton is about 8ppb 232U and 9ppb 232Th [Ref UKDM]. The results of the simulation are695

shown in 7 for copper and 8 for kapton. Assuming a 10µm thick copper coating on each GEM, we estimate the amount of copper696

for the whole detector to be around 179kg. The corresponding maximum concentration allowed is 0.32ppb for both U and Th697

with a 1keV threshold, and 0.41ppb with a 10keV threshold. We found these numbers to be acceptable as many copper samples698

measured in [REF UKDM] have contamination levels below these values. For kapton however, estimations based on 1.14Ton699

corresponding to a thickness of kapton of 0.4µm inside the GEMs, the maximum concentrations allowed are 2.27 (2.86)×10−2ppb700

with a 1keV (10keV) threshold for both isotopes. These values are well below the current measured concentrations so a careful701

material selection will be necessary for this read-out.702

A wire based read-out such as the one used in the DRIFT detector [REF arXiv:1701.00171] has two main sources of back-703

Threshold Concentration of 232-Th and 238-U per gram (ppb/g)
1keV (2.60 ± 0.03) × 104

10keV (3.27 ± 0.04) × 104

Table 8: Maximum allowed concentrations of 238U and 232Th per grams of kapton in GEMs read-out.
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Threshold Concentration of 232-Th per gram (ppb/g) Concentration of 238-U per gram (ppb/g)
1keV (1.200 ± 0.001) × 104 (3.001 ± 0.003) × 103

10keV (1.522 ± 0.002) × 104 (3.804 ± 0.004) × 103

Table 9: Maximum allowed concentrations of 238U and 232Th per grams of ceramic in MWPCs read-out.

Threshold Concentration of 232-Th per gram (ppb/g) Concentration of 238-U per gram (ppb/g)
1keV (8.57 ± 0.05) × 104 (1.714 ± 0.009) × 105

10keV (1.088 ± 0.006) × 105 (2.176 ± 0.001) × 105

Table 10: Maximum allowed concentrations of 238U and 232Th per grams of steel in MWPCs read-out.

ground. Ceramics from resistors are known to have high U and Th concentrations, typically on the order of up to a few ppm. The704

amount of radio-isotopes can vary by a large amount depending on the batch, brand or type of resistors, so the future components705

of CYGNUS must be chosen carefully. The TREX-DM [ref arXiv:1601.01445] has tested several brands of high purity resistors706

and found that concentrations levels equivalent to 16ppb 238U, < 2.80ppb 232Th and 2.71ppm 40K are achieveable . Furthermore,707

its is assumed that aluminium oxides are the main neutron emitters in resitors. Another potential source of neutrons is the steel708

making the wires of the MWPCs. The results for ceramics are summarized in 9, and the values for steel are shown in 10.709

Using the DRIFT detector as an example, we estimated 1.94g of steel per meter cubed TPCs. This roughly corresponds710

to 3.9kg of steel for CYGNUS and the associated maximal contamination levels are 22.1(28)ppb for 232Th with a 1(10)keV711

threshold and 44.2(56.1)ppb for 238U with similar thresholds. This is well below the measured 5ppb 232Th and 1.5ppb 238U712

measured for the grid wires of the DRIFT-I vessel [ref UKDM]. Using again the DRIFT detector as an example, we estimated713

the quantity of ceramics as 22.6g per meter cubed TPCs [ref Carson], the corresponding maximum concentrations allowed for714

Cygnus are 5.31 (6.73) × 10−1ppb for 232Th and 1.33 (1.68) × 10−1ppb for 238U using the usual thresholds. These values are well715

below the 500ppb 238U and 2000ppb 232Th found in typical resistors.716

In this section, we looked at the neutron background from (α, n) reactions and spontaneous fission from read-out materials717

used by the current direct detection experiments. While some materials met the background requirement of the CYGNUS718

detector, it seems no read-out technology is, in their current state, able the satisfy the CYGNUS background criteria. An important719

developmental step for CYGNUS will be to either perform extensive material screening in order to select only materials with720

the lowest amount of U and Th or to develop new ways to install the read out planes so as to minimise the amount of materials721

required.722

5.2.5. Muon-induced neutrons and active vetoing723

For the case of muon-induced neutrons, the muon energy spectrum and its angular distribution was simulated using the724

MUSUN simulation [ref Vitaly MUSUN paper]. MUSUN takes into account the angular profile and the composition of the rock725

overburden for the transportation of cosmic ray muons. The output is an array of the muon energies, positions and momenta.726

This array is inputted into the Geant4 simulation which simulates the final meters of the particles in the rock. The simulation727

allows for at least 20m of rock on each side of the detector to give each muon ample space to interact.728

More than 200 million muons were simulated at the surface of the rock volume. A muon-veto was placed in the simulation729

outside of the external water shielding. The muon-vetos were represented as 1cm thick sheets of plastic scintillator placed on730

top of the detector and on each lateral sides. No muon-veto was placed below the detector. Muons entering these volumes are731

recorded in the simulation and latter used to veto nuclear recoils in the gas volume using coincidence of events. Similarly, the732

analysis searches for double nuclear scattering or electron recoils above the 1keV threshold recorded in the gas with a matching733

event number. There events are rejected as their are not WIMP candidate events. Using electron recoils as a way to veto nuclear734

recoils requires the simulation to be carried at nominal pressure. If this method is not used, the pressure can be increased but we735

found that in this configuration, the nuclear recoil rate is largely above 1/year. Since many muons are produced with energies on736

the TeV scale as seen in 7, we found that some events are recorded with recoil energies larger than what would be expected for a737

WIMP recoil. For this simulation, we explicitly limited the analysis to a region of interest situated between 1 and 100keVr.738

Muons passing the rock-cavern boundary are recorded in order to calculate the equivalent duration of the Monte-Carlo739

simulation. The number of muons recorded is compared to the measured value of the muon flux at the Boulby Underground740

Laboratory, (4.09 ± 0.15)×10−8cm−2/s−1, corresponding to a vertical rock overburden of 2805±45m.w.e.. Using this technique,741
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Figure 7: Muon energy spectrum at Boulby using MUSUN

we found that the simulation correspond to (2.8 ± 0.1)× 107s, during which no events were seen in the region of interest, leading742

to an upper-limit on the rate of muon-induced neutron nuclear recoil rate of 8.71 × 10−8Hz.743

5.2.6. Conclusion of neutron background744

In the previous sections, we simulated the neutron background from the main sources. We saw that the external neutron745

background can easily be reduced by the use of a low-Z shielding material. For muon-induced neutrons, an excellent rejection746

rate can be achieved when combining an external muon veto and an analysis of coincidence between events in the gas. Many dark747

matter experiments have achieved a high muon-tagging efficiency with their muon veto, but the coincidence analysis ultimately748

depends on the capacity of the detector to be sensitive to Compton scattering and electron tracks while being able to contain the749

gamma background. This will be the subject of the next section. To palliate for a loss of efficiency in tagging muon induced750

events in the detector, PMTs could be installed in the water shield to increase the rejection capabilities of external events.751

We reviewed the different materials available for the construction of a large vacuum vessel. Ultra-high purity stainless752

steel and titanium vessels with concentration of radio-nuclei < 100ppt but we found that considering the required mass the753

vessels, these concentrations are still not enough to be used without internal shielding. The SNO+ collaboration has achieved754

concentrations of radio-nuclei in acrylic about 10 time lower than the concentrations in the purest steel and titanium we considered755

during this study, making acrylic the current material of choice to build large dark matter TPC experiments.756

We found that the choice of readout strategy greatly impacts on the internal neutron rate. Overall, no readout technology is757

currently standing out as the best option with regard to its neutron background. In each case, shown in 11 to 13, at least one758

material was producing too much neutron background. There may be several approach to this problem. Firstly, our simulation759

relies on an estimate of the quantity of each material inside a detector like CYGNUS. It may be possible to either reduce the760

required quantity of problematic materials through careful design and planning. Alternative materials may be investigated or761

higher purity versions of the same materials may be developed. This is particularly relevant to the µ − pic and GEMs options for762

which better refined glass polymids are being developed and GEMs with high purity G10 insulator instead of kapton are being763

investigated. [can I say by some of the authors, to account for the different CYGNUS R&D projects ?] In the case of ceramics764

for the wire readout strategy, it may also be possible to shield the pre-amplifier, or eventually move them outside of the vessel in765

order to further reduce the neutron background.766

5.3. Gamma Backgrounds767

In the previous section, we showed that the neutron background can be mitigated by the careful selection of radio-pure mate-768

rials. The associated gamma background required different shielding technique. For example, the detector can be shielded from769
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Material Neutron background
(
year−1

)
Gamma background

(
year−1

)
Rock < 0.93 (90%CL) (2.82 ± 0.04) × 1010

Vessel (acrylic) 0.138 ± 0.001 (2.805 ± 0.002) × 107

Glass Polymid < 64.5 ± 0.3 < (1.3586 ± 0.0003) × 108

Table 11: Neutron and Gamma background for µ − pics readout between 1 − 100keV

Material Neutron background
(
year−1

)
Gamma background

(
year−1

)
Rock < 0.93 (90%CL) (2.82 ± 0.04) × 1010

Vessel (acrylic) 0.138 ± 0.001 (2.805 ± 0.002) × 107

Copper < 1.036 + 0.005 (4.702 ± 0.002) × 107

Kapton 22.4 ± 0.1 (2.515 ± 0.001) × 108

Table 12: Neutron and Gamma background for GEMs readout between 1 − 100keV

the gamma background originating from the rock by building a Lead castle. However, this new element would also contribute to770

the neutron background. TPCs can be made insensitive to their gamma background as demonstrated in [Ref arXiv:1701.00171]771

by raising the threshold such that the smaller dE/dx for electron tracks does not trigger the analysis. This technique can be used for772

CYGNUS at the cost of efficiency and sensitivity to low mass WIMP recoils. Another technique is to use the full 3−D potential773

of certain readouts such as CCD cameras. This approach, developed in [Ref arXiv:1703.09883 and arXiv:1510.02170], relies774

on the low threshold of the CCD cameras to veto electron tracks based on the different shape of the Bragg curves for example.775

The problem with this techniques lies again in the balance between the rate of neutron and gamma backgrounds. We found that776

pixelated readouts contain a large amounts of heavy metals and other components with a typically large concentration of 238U777

and 232Th.778

In this section, we report on the simulation of the gamma background in the different materials relevant to CYGNUS. Using779

Geant4, we homogeneously populated the rock, vessel, and sheets of readout materials with 238U,232 Th and 40K at rest. Geant4780

will automatically simulate the decay chains of the different isotopes with the correct branching ratio. For materials with relatively781

small thicknesses, such as the vessel or readouts, the homogeneous distribution of the isotopes allows for the simultaneous782

simulation of bulk and surface background. In the case of the rock, a simulation similar to the one described in 5 showed that783

only the first 30cm of rock contributes to the gamma background. Beyond this distance, the self-shielding capabilities of the rock784

are sufficient to stop radiation from leaking.785

5.4. Radon and Radon Progeny Backgrounds786

Radon gas emanating from materials is a major source background for rare events experiments. In particular, the low energy787

(∼ 100keV) of radon progeny recoils (RPRs) can mimic a WIMP interaction. 222Rn being a noble gas, its low chemical reactivity788

makes it particularly difficult to deal with. Moreover, its 3.8 day half-life allows it to spread from the materials where it is789

produced, making radon a widespread source of background. α-decays of gaseous radon inside the fiducial volume can easily be790

identified if the associated alpha particle is fully contained. RPRs occurring in the bulk or surface of materials may prove harder791

to reject. In this case, the associated alpha particle may not be detected, if for example it remains trapped inside the materials.792

For these surface events, it is possible for a daughter nuclear recoil to enter the amplification region and be recorded as a signal,793

if the associated alpha particle is not detected, this event constitute a background to the dark matter search. Many efforts from794

Material Neutron background
(
year−1

)
Gamma background

(
year−1

)
Rock < 0.93 (90%CL) (2.82 ± 0.04) × 1010

Vessel (acrylic) 0.138 ± 0.001 (2.805 ± 0.002) × 107

Steel wires (2.26 ± 0.01) × 10−2 (7.583 ± 0.003) × 104

Ceramics 3.02 ± 0.01 < (2.24 ± 0.01) × 106

Table 13: Neutron and Gamma background for MWPCs readout between 1 − 100keV
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Figure 8: Simulated range of RPRs in 50Torr of SF6

directional detectors have been directed to study and control radon background. In particular, an important mitigation effort was795

done by the DRIFT collaboration [ref Steve paper on radon arXiv 1407.3938, can include E. Miller cathode paper] to measure796

and limit radon emanation in the detector. The MIMAC group [ref 1504.05865] also has demonstrated successful detection of797

radon events. An analysis cut based on the z-position of the events was used to reject RPRs originating from the anode and798

cathode, where RPRs are an important background due to the high U and Th concentration of Micromegas PCBs.799

If the detector is composed of back to back TPCs, cathode-crosser events are unambiguous traces of radon and can be vetoed800

based on the time coincidence of the charge deposition in both sides of the detector. These events can be used to estimate the level801

of radon present in the detector as done in [same papers DRIFT + MIMAC]. In DRIFT, these events are vetoed by reducing the802

fiducial region such that any events detected less than 2cm away from the cathode are rejected [Ref ArXiv1701.00171]. The size803

of this region is affected by the diffusion of the minority peaks which lowers their amplitudes and hinders the z-reconstruction804

capabilities of the detector. Furthermore, the precision of the extrapolation of a z position also depends on the time separation805

of the minority peaks [ref DPSI arXiv1308.0354], better results are obtained when using the P-peak due to its larger separation806

with the main peak. In this case, the z-resolution is 0.33cm.807

Using Geant4, we simulated the range of 222Rn decays and RPRs in CYGNUS. Considering that 220Rn in negligible compared808

to 222Rn, we simulated a fixed source of 222Rn placed inside the fiducial volume of detector filled with 50Torr of SF6 as in the809

previous simulations. Since we are only interested in the range of the nuclear recoils, there is no need to populate the gas810

homogeneously with 222Rn and the same information can be deduced from a fixed source simulation. Secular equilibrium is811

assumed throughout the decay chain. The purpose of this simulation is to test the validity of a cut placed 2cm away from the812

cathode to reject cathode RPRs as described above for the DRIFT detector. The cathode RPR rate we used for CYGNUS is813

inferred by the rate observed in DRIFT as 3.4 ± 0.4events/day/m2of cathode. 8 shows the full range of the events recorded in814

the simulation. The z resolution function measured in [ref DPSI arXiv1308.0354] is then applied to the simulated recoil range815

by adding a random number sampled from a Gaussian distribution with mean 0 and variance 0.33cm to the simulated z-range.816

Finally, by integrating the smeared distribution of z-ranges, the estimated RPRs rate with a z-range above 2cm can be estimated817

at 2.57 × 10−16events/day (90%CL).818

While these results would justify the position of the cut at 2cm, many of the parameters used were borrowed from the DRIFT819

detector. If the existence of minority carriers in SF6 is proven to be usable, the different resolution of the minority peaks will820

most likely provide different results.821

5.5. Surface and other Backgrounds822

5.6. Comparison of Technologies for low background823

6. Underground Sites and Engineering824

[Section organizer: Neil Spooner]825

826
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This section provides a summary of the more significant issues regarding underground site requirements for directional827

dark matter detectors and associated engineering requirements. In the event that a solid state solution for directionality proves828

viable then there are no particular issues that are different from those addressed by the non-directional community, except in829

the case of emulsion technology. For the latter, because this concept does not provide real time data, there is need to provide830

continuous rotation and pointing of the instrument to maintain a fixed orientation in galactic coordinates. Depending on the831

intrinsic backgrounds achievable the moving part may need to include all or some of the shielding and the extra mass that this832

would entail, as well as the detector itself. Given the need to allow space for the mechanism of sufficient power to drive the833

movement this could have an impact on the space requirements in a laboratory. However, quantifying this challenge will need to834

wait until there is more information on the emulsion technique and its feasibility for directional detection with large target mass.835

More is known about the implications for site installation imposed by the low pressure gas TPC technologies. Here the main836

challenge is the potential space requirement of the experiment but also the need to provide handling of the gas target underground.837

Both these factors depend on the choice of gas and operating pressure. Regarding engineering of the detector vessel itself this is838

driven by three main issues: (i) the requirement that it likely will need to be a vacuum vessel, (ii) the need to use materials with839

low intrinsic background, specifically so that the neutron rate is below the required specification, typically seen as <1 neutron840

induced event per year, and (iii) any restrictions on site access that may impose a limit in the size of individual components taken841

underground. A further consideration is the requirement on site overburden. However, for the sites currently under consideration842

for CYGNUS, all >1km in depth, this is not found to be a major issue. At this depth, as shown in sec X, although there is a843

significant potential number of muon induced neutron events, these can be rejected by a combination of an active external muon844

veto and by making use of the powerful EM detection capabilities of the TPC technology. The need for an external veto could845

have a modest impact on the overall dimensions of the experiment, depending on the gas readout technology adopted and its846

discrimination power. In the worst case scenario of a full 4pi veto with maximum efficiency the extra linear space required,847

assuming a conventional plastic scintillator veto, would be < 1m.848

The first stage experiment for a CYGNUS TPC is considered to be one that can reach the neutrino floor around the solar849

neutrino “knee area”, at recoil energies around 10-20 keV. This requires a vessel of order 10 m3 volume plus external low-Z850

neutron, plus some degree of gamma shielding (depending on the rejection capability of the readout chosen), together adding851

up to ~1m. At the required sensitivity, assuming < 1 background neutron per year, it is feasible to obtain steel of sufficient852

radio-purity that recourse to more complex, lower background designs, for instance using acrylic, would not be needed. The853

scale and engineering requirements are therefore unlikely to be challenging for any of the possible underground sites although854

constraints on the maximum size of object able to enter some of the sites, e.g. 2 x 2m at Boulby, would need to be allowed for in855

the vessel design. Fig. x shows a typical design for 10 m3 CYGNUS vessel based on steel construction. This simple cubic shape856

vacuum vessel with hinged door access follows the successful design adopted for the DRIFT-II detectors [ref] though with the857

door hinges pivoting to provide extra strength. A variety of designs for external neutron and gamma shielding are possible. Use858

of interlocking plastic water containers is one possibility, as adopted for the DRIFT upgrade shielding, see Fig 2a, An alternative859

design is to use a purpose built water containing, see Fig. 2b, which is more expensive but has the potential advantage that it860

could be instrumented with photomultipliers to provide a Cherenkov muon veto.861

An advantage of the gas TPC concept is that there is no particular restriction on the shape of the experiment. For instance,862

an elongated “worm-like” sectional design, where one dimension is substantially longer than the other two, is feasible, and863

actually has certain advantages for operations and maintenance. This feature makes CYGNUS well suited to sites where long864

tunnels and restrictions on available height are normal, such as mine sites like Stawell or Boulby. The relative simplicity of the865

services needed, in particular that there are no cryogenics involved, also is an advantage here. Additionally, as sated in sec 1. the866

experiment can be built as separate detectors, either in one site, or in multiple sites. This also allows advantage to be taken of867

cross-correlating data at different latitudes so as to aid control of systematics.868

The geometric features above are not necessarily required for a first 10 m3 stage but could become important in designs869

aiming to achieve full directional signals below the neutrino floor, typically 1000 m3. A baseline geometry of a single 10 x 10 x870

10m vessel has been studied here. Such a vessel could be engineered in sites such as LNGS, where there is available head-room871

and good access, though the same principles would apply to a segmented detector of the same total volume distributed in different872

sites, or an elongated version of say 5 x 5 x 40m that would conceivably fit in an existing facility at Boulby.873

The next engineering constraint on the vessel at this scale comes from the need to maintain essentially zero neutron back-874

ground and hence U/Th radio-purity in the vessel at a level x100 better than for the 10 m3 version. This rules out an all-steel875

design, assuming no progress can be made towards higher purity steel than the best currently obtainable. A natural alternative low876

background construction material is acrylic. This has been successfully used by the DEEP and SNO collaborations to construct877

their substantial detector vessels. They have also proven that ultra-low backgrounds can be achieved in acrylic (< x ppt)[ref],878
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sufficiently low to meet the requirements for CYGNUS. The use of an acrylic vacuum vessel for a low pressure TPC has also879

been successfully demonstrated by the UNM group [ref], where a cylindrical design was adopted, as shown in Fig. 3. This con-880

cept, in which also the field rings where applied directly to the inner surface of the vacuum vessel, was shown to have significant881

advantage over the conventional concept whereby a separate field cage is needed, mounted away from the inner surface of a steel882

vessel, as in DRIFT-II and others. For instance, the design minimises the presence of sharp edges and in their case allowed higher883

drift and cathode voltages to be applied before breakdown.884

Nevertheless, the constraint required for CYGNUS that the vessel be capable of withstanding a vacuum adds significant885

challenges for an all-acrylic version at the 1000m3 scale. Acrylic is substantially less strong than steel and so that although a886

large cylindrical vessel can be considered an option, the preferred modular cubic design currently looks ruled out for practical887

purposes in acrylic, even when combined with high thickness acrylic support bars. Hence, for now three alternative solutions888

have been studied. The first of these is to revert to an all steel design, using the best purity steel and with the total mass minimised,889

but with the addition of an internal neutron passive shield comprising acrylic sheet fixed to the inside of the walls. The GEANT4890

simulations detailed in sec. x have shown that of order 10cm thickness only would be needed. A second option is to consider891

a hybrid design in which acrylic is used to replace the main vessel panels but steel retained for the main support structures.892

Fig. x shows an example concept for this by the Melbourne group. A factor of 10-20 reduction in background can be achieved.893

Combining this with some internal neutron shielding and/or more stringent selection of steel could achieve the goal. Thirdly, it894

may be possible to run at 1 atm pressure by using He as a filler gas. If it can be additionally proven that flushing gas through the895

vessel prior to operation can provide sufficient purification of contaminants, rather than the conventional use of outgassing under896

vacuum, then this would obviate the need for the vessel to be of vacuum standard, greatly reducing the mass of steel or acrylic897

needed. This option is under investigation, noting that negative ion gases, namely CS2 and SF6 are already known to be highly898

tolerant of impurity gases. For instance DRIFT operates well with up to 1% impurity gases.899

Whilst there is no need for complex cryogenics engineering in CYGNUS consideration is needed of the engineering aspects900

of the gas supply. In the current generation of detectors the target gas is generally flowed and disposed of through filters to the901

atmosphere. However, for CYGNUS re-circulation will be needed, both for cost and environmental reasons, particularly for902

SF6 which is a powerful greenhouse gas. Recirculation also provides a potential means for reduction of radon from the target.903

Purification of SF6 is well known in industry and so not seen as a major issue here. Meanwhile, recent experiments by the904

Sheffield group have now shown for the first time that active radon removal in SF6 is also possible. Fig. x shows results of an905

experiment in which SF6 was circulated through a vessel with a known level of radon added via a sealed radon surce. When the906

gas is diverted through a molecular sieve the radon is seen to reduce (green points on Fig. x). When this filter is cooled with dry907

ice (blue points) a further reduction is seen. In this experiment an earlier test was performed to check that the SF6 was not itself908

absorbed by the filter.909

Summarising this brief overview of CYGNUS engineering we conclude that while the required vessels do present an engineer-910

ing challenge these should be surmountable. There is also significant flexibility in the approach to the shape and modularisation911

plus prospect for construction in sections underground and at multiple sites, meaning constraints imposed by all the proposed912

sites can be met. Finally, it is worth noting that the baseline 10 x 10 x 10 m vessel represents less than 1/20th of the cryogenic913

vessel proposed for the DUNE experiment at Sandford Underground laboratory for which rock excavation is now underway.914

7. Conceptual Design Strategy915

[Section organizer: all]916

This summarizes the above technology discussions and briefly outlines possible scenarios and a straw man design for a Galactic917

Recoil Observatory918

8. Conclusion919

[Section organizer: all]920

This section restates the science case in light of the technology discussion and provides comment on the likely feasibility, cost921

and design of a future large scale galactic recoil observatory.922
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