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Motivation



Informs and limits the 
possible interactions 

Cosmology
Particle Physics

Suggests dark and visible matter 
interactions are generic

&

Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

⌦DMh2 = 0.120± 0.001
<latexit sha1_base64="LtBLjPMc6raGmdhnXk+cHFSFMhQ="></latexit>

DM
dark matter

3Christopher McCabe

Why should DM interact with normal matter?
“Up to a point the stories of cosmology and particle physics can be told 
separately. In the end though, they will come together.” Steven Weinberg



Event rate = DM flux    particle physics    detector response⇥
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Dark matter 
detector 
on Earth

Dark matter flux

⇠ ⇢DM

Z
d3v fDM(v) v
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Searching for DM-matter interactions: direct detection experiment

⇥
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Hunting for dark matter—electron interactions

1

2
mDMv2DM & Ebinding(⇠ 12 eV)

Kinematics requirement:

atoms Constraint will be on the DM-electron 
scattering cross-section

<latexit sha1_base64="UgZMQ5Cm0s1y+IrQwm7VL7teiN8="></latexit>

mDM � 6 MeV ·
✓
Ebinding

15 eV

◆
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The state-of-the-art
4
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FIG. 4. 90% CL constraints (cyan
solid line) on: DM- e� cross section,
�e, versus DM mass, m�, for two
DM form factors, FDM(q) = 1 (top
left) and FDM(q) = (↵me/q)

2 (top
right); DM-nucleus cross section, �n,
for a light mediator (bottom left);
and the kinetic-mixing parameter, ✏,
versus the dark-photon mass, mA0 , for
dark-photon-DM absorption (bottom
right). Constraints are shown on DM-
e� scattering also from the SENSEI
prototype [14, 15], XENON10/100 [19],
DarkSide-50 [20], EDELWEISS [21],
CDMS-HVeV [22], XENON1T [23],
DAMIC [24], solar reflection (assum-
ing DM couples only to e�) [25]; con-
straints on DM-nucleus scattering from
SENSEI, XENON10/100/1T [12] and
LUX [26]; and constraints on absorp-
tion from SENSEI [14, 15], DAMIC [24,
27], EDELWEISS [21], XENON10/100,
CDMSlite [9], and the Sun [9, 28, 29].
Orange regions are combined bench-
mark model regions for heavy [2, 5, 30–
34] and light [2, 5, 35, 36] mediators.

which corresponds to the Halo Mask (described below)
for any possible high-energy events occurring just out-
side of the quadrant.

• Bleeding Zone Mask. To avoid spurious events from
charge-transfer ine�ciencies, we mask 100 (50) pixels
upstream in the vertical and horizontal direction of any
pixel containing more than 100 e� for the 1 e� (�2 e�)
analyses. This distance is doubled for columns where
we observe a high bleeding rate.

• Bad Pixels and Bad Columns. We further limit the
impact of defects that cause charge leakage or charge-
transfer ine�ciencies by identifying and masking pixels
and columns that have a significant excess of charge.

• Halo Mask. Pixels with more than 100 e�, from high-
energy background events, correlate with an increased
rate of low-energy events in nearby pixels. We observe
a monotonic decrease in R1e� as a function of the radial
distance, R, from pixels with a large charge. We mask
pixels out to R = 60 pix (R = 20 pix) for the 1 e�

(�2 e�) analyses.

• Loose Cluster Mask. We find a correlation between
the number of 1 e� and 2 e� events in regions of size
⇠103 pix2. Since there is no reason for a 2 e� DM
event to be spatially correlated with an excess of 1 e�

events, we mask regions with an excess of 1 e� events.
We apply this mask only for the �2 e� analyses.

• Neighbor Mask. For the 1 e� and 2 e� DM analyses
only, we require the DM signal to be contained in a sin-
gle pixel and only select pixels whose eight neighboring
pixels are empty. We thus mask all pixels that have a
neighboring pixel with � 1 e�.

The e�ciencies of, and number of events passing, these
selection cuts are given in Table I, which also shows
the number of observed events and the inferred 90%
confidence-level (CL) upper limits on the rates. We as-
sume that a DM signal is uniformly distributed across
the CCD, so that a cut’s e�ciency on a DM signal is
proportional to the loss in exposure from that cut.
DARK MATTER RESULTS. The results for the four
analyses are:

• 1e�: From the observed R1e� of (3.363 ± 0.094) ⇥
10�4 e�/pix/day, we subtract the (exposure indepen-
dent) spurious charge contribution of (1.664±0.122)⇥
10�4 e�/pix, to arrive at a R1e� of (1.594 ± 0.160) ⇥
10�4 e�/pix/day, or (450 ± 45) events/g-day, where
the errors have been added in quadrature. For cal-
culating a DM limit below, we conservatively take the
1311.7 observed 1 e� events and subtract the 2� lower
limit on the number of expected spurious-charge events
(649 � 2 ⇥ 47.5 = 554 events), arriving at ⇠758 1 e�-
events. The known contributions to R1e� that we do
not subtract are environmental backgrounds and dark

arXiv:2004.11378

semi-conductor 
searches atom

searches



Gas-based detectors
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A real experiment: NEWS-G

13

NEWS-G at SNOLAB

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Ø140 cm 
4N Copper (99.99% pure)  

Assembled at LSM

Gas filled spherical proportional counter

Advantages: 
• can detect single electrons
• can be filled with different gas mixtures:

~140cm diameter
Copper (99.99% pure) vessel

helium, neon, xenon, methane & 
isobutane have all been proposed
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NEWS-G: towards DarkSPHERE

25

DarkSPHERE: Physics Potential

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Multi-physics platform: 
 Dark matter
 0νββ searches
 Neutrino physics
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Figure 2: Time line of the NEWS-G experiment .

DM candidate-target matching; f) flexibility in operational conditions, like pressure and high voltage, providing addi-
tional handles to disentangle potential signals from unknown instrumental backgrounds; and g) favourable ionisation
quenching factor [19]. The detector response to low energy nuclear recoils is discussed in Ref. [20] and its calibration
using a laser and radioactive sources is described in Ref. [21].

The NEWS-G Collaboration, comprising 10 institutes in 5 countries, produced first results with SEDINE, a 60 cm in
diameter (?) SPC operating at the Laboratoire Souterrain de Modane (LSM), France. These results extended for the
first time the constraints to DM down to 500 MeV [18]. NEWS-G has an ambitious programme, presented in Fig. 2,
to probe light DM down to masses of 0.1 GeV with a sensitivity reaching the neutrino floor.

Currently, the collaboration is commissioning SNOGLOBE, a 140 cm in diamater (?) SPC made of 99.99% pure
copper, in SNOLAB, Canada. SNOGLOBE’s active volume is internally shielded with a 500 µm thick layer of ultra-
radiopure copper, grown on the inner surface by adapting a low-background electroforming method to the hemispher-
ical shape. This procedure was undertaken at LSM, with leading contributions from my group [22, 23].

Electroformation: Improved radiopurity is key to extend further the discovery potential. NEWS-G currently designs
ECUME (Electroplated CUprum Manufacturing Experiment), a ?140 cm detector fully electroformed underground
to avoid cosmogenic activation. ECUME will also sustain higher pressure, increasing the target mass by a factor

5 over SNOGLOBE. Electroformation of ECUME at SNOLAB will will start in Fall 2021, following construction of
a 30 cm in diameter scale model at PNNL, USA.
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Figure 3: Results (solid) and projections (dashed
lines) for DM sensitivity; and He neutrino floor.

Further in the future, we aspire to construct DarkSPHERE, a
?300 cm fully electroformed underground spherical propor-
tional counter operating with He:C4H10(90%:10%) at 5 bar.
DarkSPHERE will achieve a sensitivity reaching the neutrino
floor, an inherent background to any DM search [24], while
the hydrogen-reach target gives sensitivity to the full range of
effective field theory interactions.

The design of DarkSPHERE is led by my group, with Boulby
Underground Laboratory being interested to act as the host.
The large volume of DarkSPHERE supports directional DM
searches. DarkSPHERE has the capability to act as a multi-
experiment platform, hosting neutrinoless double-b decay and
supernova neutrino searches. On the topic of neutrinoless
double-b decay searches, my group is already contributing to
the R2D2 R&D project, investigating the feasibility of con-
structing and operating a highly pressurised xenon time projection chamber that will probe the inverted neutrino mass
hierarchy [25, 26].

Electroformation of copper is a crucial capability, relevant for a number of future experiments. Beyond NEWS-G, the
Majorana [27], nEXO [28], NEXT [29], and LEGEND [30], which evaluates sites for LEGEND-1k [31], experiments
explore electroformation.

Physics with nuclear recoils: The expected sensitivity in DM searches for spin-independent interactions through
nuclear recoils for the several generations of NEWS-G detectors is summarised in Fig. 3, and is compared to the
current state-of-the-art. Furthermore, the hydrogen-reach targets employed in NEWS-G, give sensitivity to the full

Page 4 of 12

There is a roadmap to scale to even larger detectors

in the UK?
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Expected sensitivity…

Sensitivity estimates 
only performed for 
nucleon scattering

21

NEWS-G at SNOLAB: Physics Potential

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Assumptions
Flat background (1.78 dru)
Exposure 20 kg*days
Energy window [14 eVee, 1 keVee]
F=0.2, θ=0.12
SRIM quenching factor

NEWS-G@SNOLAB 
4N Aurubis Copper (99.99% pure) Ø130 cm

Data-taking is starting!

Question we asked: 
could this also be 
used to hunt for 
electron scattering?
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Dark matter-electron scattering: proposed search

Key aspect:
single electrons 
can be detected 
at the anode

Dark matter 
scattering ionises 
an electron from an 
atom or molecule



Developing the theory
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Dark matter — electron scattering

�(k) �(k0)

e(p0)

q

e(Ee = �EB , p)

initial electron is not a 
momentum eigenstate

(not a plane wave)

ionised electron propagates 
in the Coulomb field of the 

ionised atom
(not a plane wave)
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A modified scattering problem

6

He Ne CH4 C4H10 Xe

Basis: aug-cc-pV5Z Basis: aug-cc-pV5Z Basis: 6-31G(d,p) Basis: 6-31G(d,p) Basis: Jorge-QZP
Total energy: -2.8616 Total energy: -128.5467 Total energy: -40.2016 Total energy: -157.3123 Total energy: -7229.7195

Orbital EHF Eexp Orbital EHF Eexp Orbital EHF Eexp Orbital EHF Eexp Orbital EHF Eexp

1s2 24.97 24.6 2p6 23.13 21.7 2t62 14.79 14.0 6a2

1 12.32 11.13 5p6 12.44 12.7
2s2 52.41 48.5 2a2

1 25.66 23.0 5e4 12.70 11.75 5s2 25.53 23.3
1s2 891.53 870.2 1a2

1 304.83 290.80 1a2

2 13.78 12.85 4d10 75.69 68.5
4e4 14.44 13.71 4p6 163.49 146.1
3e4 16.04 15.03 4s2 212.60 213.2
5a2

1 17.19 15.91 3d10 710.96 682.7
4a2

1 20.83 18.58 3p6 957.60 970.7
2e4 25.25 21.83 3s2 1087.23 1148.7
3a2

1 29.53 24.83 2p6 4838 4946
2a2

1 304.94 ?? 2s2 5130 5453
1e4 304.94 ??? 1s2 33307 34561
1a2

1 305.43 ???

TABLE I. Experimental and Hartree-Fock energies of various atomic and molecular systems under consideration (orbitals in
units of eV, total energy in Hartree units). For xenon, we only show levels below 1 keV. The superscript gives the number of
electrons in the orbital.

is because the corresponding change in the orbitals is
typically smaller than the energy.

Appendix B: Plane wave formalism

In the Section xxx, we showed the ionisation form fac-
tors and scattering rates results when the ionised electron
state is calculated by numerically solving the Schrodinger
equation. In this appendix, we will show the form factors
and scattering rates calculated using the less accurate ap-
proximation of an outgoing plane-wave state, which has
been corrected by the Fermi Function.

We’ll begin our discussion with the expression for the
dimensionless ionisation form factor for a single electron,

���f i!f
ion

(Ee,q)
���
2

=

Z
d⌦ke

2k3e
8⇡3

⇥

����
p

V

Z
d
3
x 

⇤
f (x)e

iq·x
 i(x)

����
2

,

(B1)

where as in Section xxx, ke =
p
2meEe is the momentum

of the ionised electron and d⌦ke is the integration over
the direction of the outgoing electron. V is a volume
factor that will cancel in the final results.

As stated, we will model the outgoing electron as a
plane wave, namely,

 f (x) =
1

p
V
e
ike·x . (B2)

Substituting this into eq. (B1), we recognise that we can
express the form factor in terms of the momentum-space
wavefunction for the initial state,
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where, to be explicit about our convention,
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In practice, it more convenient to rewrite this by first
noting that
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We then integrate the delta-function over d⌦ke and
d cos ✓p to obtain
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In this expression, we have aligned q in the z-direction
and cos ✓p is the angle between p and q. The in-
tegration over the delta-function enforces the relation
cos ✓p = (k2e � p

2
� q

2)/(2pq) and sets the limits of inte-
gration, p± = |ke ± q|.
Before proceeding, we pause to check that we recover

the result for a spherically symmetric atom with full
shells. Writing  ̃nlm(p) = �nl(p)Ylm(✓p,�p), where �nl

is the radial part of the momentum wavefunction and
Ylm(✓p,�p) is the spherical harmonic, we find, after sum-
ming over the spin and magnetic quantum numbers,
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6

He Ne CH4 C4H10 Xe

Basis: aug-cc-pV5Z Basis: aug-cc-pV5Z Basis: 6-31G(d,p) Basis: 6-31G(d,p) Basis: Jorge-QZP
Total energy: -2.8616 Total energy: -128.5467 Total energy: -40.2016 Total energy: -157.3123 Total energy: -7229.7195

Orbital EHF Eexp Orbital EHF Eexp Orbital EHF Eexp Orbital EHF Eexp Orbital EHF Eexp

1s2 24.97 24.6 2p6 23.13 21.7 2t62 14.79 14.0 6a2

1 12.32 11.13 5p6 12.44 12.7
2s2 52.41 48.5 2a2

1 25.66 23.0 5e4 12.70 11.75 5s2 25.53 23.3
1s2 891.53 870.2 1a2

1 304.83 290.80 1a2

2 13.78 12.85 4d10 75.69 68.5
4e4 14.44 13.71 4p6 163.49 146.1
3e4 16.04 15.03 4s2 212.60 213.2
5a2

1 17.19 15.91 3d10 710.96 682.7
4a2

1 20.83 18.58 3p6 957.60 970.7
2e4 25.25 21.83 3s2 1087.23 1148.7
3a2

1 29.53 24.83 2p6 4838 4946
2a2

1 304.94 ?? 2s2 5130 5453
1e4 304.94 ??? 1s2 33307 34561
1a2

1 305.43 ???

TABLE I. Experimental and Hartree-Fock energies of various atomic and molecular systems under consideration (orbitals in
units of eV, total energy in Hartree units). For xenon, we only show levels below 1 keV. The superscript gives the number of
electrons in the orbital.

is because the corresponding change in the orbitals is
typically smaller than the energy.

Appendix B: Plane wave formalism

In the Section xxx, we showed the ionisation form fac-
tors and scattering rates results when the ionised electron
state is calculated by numerically solving the Schrodinger
equation. In this appendix, we will show the form factors
and scattering rates calculated using the less accurate ap-
proximation of an outgoing plane-wave state, which has
been corrected by the Fermi Function.

We’ll begin our discussion with the expression for the
dimensionless ionisation form factor for a single electron,
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where as in Section xxx, ke =
p
2meEe is the momentum

of the ionised electron and d⌦ke is the integration over
the direction of the outgoing electron. V is a volume
factor that will cancel in the final results.

As stated, we will model the outgoing electron as a
plane wave, namely,
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is the radial part of the momentum wavefunction and
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Challenge: we need to calculate bound/unbound states

Parameterise deviations 
from a plane wave in a 
form factor:

�(k) �(k0)

e(p0)

q

e(Ee = �EB , p)
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Bound states: use ‘PySCF’

We are going to borrow from the tools of 
quantum chemistry for the bound states

PySCF = open-source python-based (‘Py’) quantum chemistry 
package that uses self-consistent field (‘SCF’) methods

Utilise Hartree-
Fock methods:

Electrons move in a 
self-consistent field
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PySCF advantage: ‘easy’ to model atoms and molecules

Neon: 2p and Xenon: 5p Methane: 1t2 Isobutane: 6a1



Basics of PySCF: Atomic basis functions
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The most ‘primitive’ objects are Gaussian Type Orbitals (GTO):

These functions form a basis for our solutions 

RGTO

l (↵, r) / rl exp(�↵r2)

<latexit sha1_base64="2yv7ElNeVa64yCYlaoHTGsbT4es="></latexit>

 (r, ✓,�) =
NX

i=1

ci R
GTO

l (↵i, r)Ylm(✓,�)

<latexit sha1_base64="YcGXXVguhteWCDW2uqSjEEVhIPk="></latexit>

Gaussian functions are used because they simply numerical integrals that are needed 



But atomic orbitals aren’t Gaussian…

18Christopher McCabe

Atomic orbitals generally decay exponentially, not as a Gaussian

RHydrogen

1s (r) = 2 exp (�r)

<latexit sha1_base64="012KiT5XetRUn+feLki8i05vFr0=">AAACFXicbVDLSgMxFM3UV62vqks3wSK0oGWmVHQjFNwU3FSxD2hryaS3bWgmMyQZsQwDfoMbf8WNC0XcCu78G9PHQqsHLhzOuZfkHDfgTGnb/rISC4tLyyvJ1dTa+sbmVnp7p6b8UFKoUp/7suESBZwJqGqmOTQCCcRzOdTd4fnYr9+CVMwX13oUQNsjfcF6jBJtpE768OomanlED6QXlUdd6fdBxHEnclSclTl8hgu4BXdBlD2SubiTzth5ewL8lzgzkkEzVDrpz1bXp6EHQlNOlGo6dqDbEZGaUQ5xqhUqCAgdkj40DRXEA9WOJqlifGCULu750ozQeKL+vIiIp9TIc83mOICa98bif14z1L3TdsREEGoQdPpQL+RY+3hcEe4yCVTzkSGESmb+iumASEK1KTJlSnDmI/8ltULeKeaPL4uZ0sX9tI4k2kP7KIscdIJKqIwqqIooekBP6AW9Wo/Ws/VmvU9XE9aswl30C9bHN5Mzntc=</latexit>

(I’ll always use atomic units)eg:
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Approx with 2 Gaussians
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Approx with 3 Gaussians
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Approx with 6 Gaussians

More Gaussians (generally) model the true (exponential) solution more accurately



Orbitals just sums of easy to manipulate functions
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Summary of PySCF output

Methane and isobutane benefit from lower ionisation energies 
(compared to nobles)
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Unbound states: ‘straightforward’ for atoms

Construct the potential from our bound states using Cowan’s HX method 
to model the exchange potential

2

and the average Earth velocity from Ref. [6]. We note
in passing that the SHM is of-course an idealised model
while the real Milky Way DM halo contains much sub-
structure not included within the SHM (e.g. see discus-
sion in Refs. [7–10]). The minimum speed parameter is

v
nl
min

(q) =
Ee + I

nl

q
+

q

2mDM

, (3)

where I
nl is the ionisation energy of an electron in the

n, l state and q± is determined by solving eq. (3) for q

with v
nl
min

= v
max

DM
, where vmax

DM
is the maximum DM speed

in the detector frame of reference.
Determining the scattering rate requires the ionisa-

tion form factor f
nl
ion

(Ee, q). This, in turn, depends on
the bound and ionised radial wavefunctions, Pnl(r) and
Pkele(r) respectively, where it is more convenient to label
the ionised radial wavefunction with ke =

p
2meEe. For

atoms with full atomic-shells (which are the atoms that
we will focus on), the ionisation form factor is calculated
from
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where the term in large brackets is the 3-j symbol
and jL(qr) is the spherical Bessel function of the first
kind. The bound radial functions are normalised asR
drPnl(r)Pn0l(r) = �nn0 while for the ionised radial func-

tions, we use the convention that
R
drPkl(r)Pk0l0(r) =

(2⇡)3�ll0k�2
�(k � k

0). We sum both le and L in eq. (4)
up to 20, which gives a result that converges to better
than 2% accuracy for He and Ne, and better than 3%
for Xe.

We obtain this by averaging over the m and s quantum
numbers and summing over l’ and m’.

A. Calculation of atomic bound and ionised states

To proceed with the calculation of the scattering rate,
it is clear from eq. (4) that we need Pnl(r) and Pkele(r).
In this sub-section, we first describe how we obtain Pnl(r)
and then turn to discuss the Pkele(r) calculation.

There are many code packages capable of comput-
ing bound-state wavefunctions in atomic (and molecu-
lar) systems using self-consistent field (SCF) methods.
In this work, we make use of PySCF [11, 12], a versa-
tile open-source python-based quantum chemistry pack-
age to calculate the bound-state wavefunctions for he-
lium, neon and xenon atoms. Although PySCF allows
for various SCF techniques to obtain the wavefunctions,
we will stick to what is arguably the simplest approach:
the non-relativistic Hartree-Fock method.

The Hartree-Fock approach is limited in its accuracy
because it does not account for electron correlation. For

instance, in photoionization cross section calculations
with full shell atoms, the accuracy of Hartree-Fock cal-
culations is around 30% [13]. This therefore is the level
of precision that we are aiming for with our atomic cal-
culations. It has also been shown that relativistic ef-
fects can be important when the electron recoil energy
is large [14, 15]. More explicitly, the non-relativistic
method has been shown to provide results in agreement
with a relativistic calculation for xenon atoms when the
momentum transfer satisfies q . 200 keV [16]. The ioni-
sation form factor calculation is only dominated by mo-
mentum transfer values larger than this when the de-
tection threshold for electrons is O(keV), as found with
the two-phase xenon detectors considered in Ref. [16].
For DarkSPHERE , where the detection threshold is
O(eV), q is typically around 50 keV so, based on Ref. [16],
we do not expect any significant error from not incorpo-
rating relativistic e↵ects in our calculation.
PySCF expresses the wavefunctions in terms of a finite-

dimensional Gaussian basis set. Choosing a large enough
Gaussian basis set is important to obtain a su�ciently
accurate form for Pnl(r), particularly at small and large
values of r. For helium and neon, we therefore use the
rather large aug-cc-pV5Z basis set [17, 18], which results
in a converged energy of -2.8616 and -128.5468 for helium
and neon, respectively. For xenon, we use the Jorge-
QZP basis set [19], which gives a converged energy of
-7229.7195.
As a cross-check of the quality of our results, we have

compared the PySCF wavefunctions against older tab-
ulated results [20], which use Slater-type orbitals, and
against wavefunctions generated with the ATSP atomic
code [21]. In all cases, we find that the agreement is
excellent.
To obtain the ionised electron wavefunctions

Pnl!kele(r) for an electron initially in the state nl

that has been promoted to an ionised state with quan-
tum numbers ke, le, we numerically solve an approximate
form of the one-electron Hartree-Fock equation in the
mean field (‘frozen core’) of the remaining electrons.
The equation that we solve, written in atomic units, is
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�
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X
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�lel0�ken0Pn0l0(r) ,
(5)

where �ken0 are Lagrange multipliers that are introduced
to ensure that radial wavefunctions with the same l quan-
tum numbers obey the correct orthogonality relations.
The potential energy in the full Hartree-Fock equa-

tions contain both a local and non-local term. For
the ionised electron, we will employ Cowan’s Hartree-
plus-statistical-exchange (HX) method to approximate
the non-local exchange potential with a local potential,
which dramatically reduces the complexity of the prob-
lem while producing results in good agreement with the
full Hartree-Fock method [22, 23]. Cowan’s HX method

3

is particularly suited to ionisation problems since the po-
tential energy tends to the expected �1/r relation for an
electron far from the atom.

In the HX method, the potential energy is approxi-
mated as

Vnl!kele(r) = �
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r
+ V

H
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HX

nl!kele(r) , (6)

where the first term is the familiar Coulomb interaction
of the electron with a nucleus of charge Z, V H(r) is the
classical potential energy of an electron in the mean field
of the other atomic electrons and V

HX(r) is the local
approximation to the exchange potential.

The classical potential energy in the frozen core ap-
proximation is
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where r> = min(r, r0) and as before, wnl is the electron
occupation number. The sum is over all bound electrons,
Pnl(r) are the bound wavefunctions from PySCF (i.e. in
the ionisation calculation, we ‘freeze’ the wavefunctions
of the bound core electrons), and the Kronecker delta
excludes the bound electron that has been ionised from
contributing to the potential.

The HX exchange potential energy in the frozen core
approximation is

V
HX

nl!kele(r) = �
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2

✓
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where kx = 0.65 leads to accurate results [22, 23], and
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Again, the sum is over all bound electrons while the
min(2, wnl) term ensures that the exchange potential
vanishes for any two-electron configuration, e.g. as found
in helium, as exchange terms only arise between electrons
with parallel spin. As with the classical potential energy,
Pnl(r) are bound wavefunctions from our PySCF calcula-
tion and the Kronecker delta excludes the self-interaction
of the electron that has been ionised.

Finally, to ensure that the normalisation relationR
drPkl(r)Pk0l0(r) = (2⇡)3�ll0k�2

�(k� k
0) is satisfied, we

follow the standard procedure of ensuring that at large
values of r, our solution Pnl!kele(r) asymptotes to a sin
function with amplitude 4⇡/k [24].

B. Ionisation form factors

In fig. 2 we plot the results of our ionisation form factor
calculation for helium (top), neon (middle) and xenon
(bottom) as a function of q when the ionised electron’s
kinetic energy is Ee = 30 eV. In all three cases, we see

FIG. 2. The dimensionless ionisation form factor for helium
(top), neon (middle) and xenon (bottom). In all three cases,
we show results when the ionised electron kinetic energy Ee is
30 eV. For clarity in the xenon panel, we only show the results
for the 4d, 5s and 5p shells: these shells give the dominant
contribution to the scattering processes that we consider.

that the outermost shell results share similarities, which
is not surprising given outer shell atomic electrons find
themselves in a similar potential.

At smaller values of Ee, the ionisation form factors
have a similar shape but with a smaller amplitude and a
small shift by ⇠ O(keV) to smaller values of q. This be-
haviour occurs because of the dependence of the electron
kinetic energy in the definition of the dimensionless ioni-
sation form factor, eq. (4) (recall that Ee enters through
ke), and because a smaller ionised electron kinetic en-
ergy requires a smaller kick from the momentum trans-
fer. Conversely, for larger values of Ee, the amplitude
of the form factors is larger and the peak shifts towards
larger q, e.g. to q ⇠ 30 to 50 keV when Ee ⇠ 1 keV.

We find that our results are in good agreement with
similar calculations in the literature. After the appropri-
ate conversion, we agree to 20% accuracy or better with
the non-relativistic Hartree-Fock 3s-shell xenon calcula-
tion in Ref. [16] across q values up to 500 keV.
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tential energy tends to the expected �1/r relation for an
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where r> = min(r, r0) and as before, wnl is the electron
occupation number. The sum is over all bound electrons,
Pnl(r) are the bound wavefunctions from PySCF (i.e. in
the ionisation calculation, we ‘freeze’ the wavefunctions
of the bound core electrons), and the Kronecker delta
excludes the bound electron that has been ionised from
contributing to the potential.
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Again, the sum is over all bound electrons while the
min(2, wnl) term ensures that the exchange potential
vanishes for any two-electron configuration, e.g. as found
in helium, as exchange terms only arise between electrons
with parallel spin. As with the classical potential energy,
Pnl(r) are bound wavefunctions from our PySCF calcula-
tion and the Kronecker delta excludes the self-interaction
of the electron that has been ionised.
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FIG. 2. The dimensionless ionisation form factor for helium
(top), neon (middle) and xenon (bottom). In all three cases,
we show results when the ionised electron kinetic energy Ee is
30 eV. For clarity in the xenon panel, we only show the results
for the 4d, 5s and 5p shells: these shells give the dominant
contribution to the scattering processes that we consider.

that the outermost shell results share similarities, which
is not surprising given outer shell atomic electrons find
themselves in a similar potential.

At smaller values of Ee, the ionisation form factors
have a similar shape but with a smaller amplitude and a
small shift by ⇠ O(keV) to smaller values of q. This be-
haviour occurs because of the dependence of the electron
kinetic energy in the definition of the dimensionless ioni-
sation form factor, eq. (4) (recall that Ee enters through
ke), and because a smaller ionised electron kinetic en-
ergy requires a smaller kick from the momentum trans-
fer. Conversely, for larger values of Ee, the amplitude
of the form factors is larger and the peak shifts towards
larger q, e.g. to q ⇠ 30 to 50 keV when Ee ⇠ 1 keV.

We find that our results are in good agreement with
similar calculations in the literature. After the appropri-
ate conversion, we agree to 20% accuracy or better with
the non-relativistic Hartree-Fock 3s-shell xenon calcula-
tion in Ref. [16] across q values up to 500 keV.

Solve the radial Schroedinger equation:
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where the first term is the familiar Coulomb interaction
of the electron with a nucleus of charge Z, V H(r) is the
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where r> = min(r, r0) and as before, wnl is the electron
occupation number. The sum is over all bound electrons,
Pnl(r) are the bound wavefunctions from PySCF (i.e. in
the ionisation calculation, we ‘freeze’ the wavefunctions
of the bound core electrons), and the Kronecker delta
excludes the bound electron that has been ionised from
contributing to the potential.

The HX exchange potential energy in the frozen core
approximation is

V
HX

nl!kele(r) = �
kx

2

✓
24⇢0(r)

⇡

◆1/3

, (8)

where kx = 0.65 leads to accurate results [22, 23], and

⇢
0(r) =

X

n0l0

[wn0l0 �min(2, wnl)�nl,n0l0 ]
P

2

n0l0(r)

4⇡r2
. (9)

Again, the sum is over all bound electrons while the
min(2, wnl) term ensures that the exchange potential
vanishes for any two-electron configuration, e.g. as found
in helium, as exchange terms only arise between electrons
with parallel spin. As with the classical potential energy,
Pnl(r) are bound wavefunctions from our PySCF calcula-
tion and the Kronecker delta excludes the self-interaction
of the electron that has been ionised.

Finally, to ensure that the normalisation relationR
drPkl(r)Pk0l0(r) = (2⇡)3�ll0k�2

�(k� k
0) is satisfied, we

follow the standard procedure of ensuring that at large
values of r, our solution Pnl!kele(r) asymptotes to a sin
function with amplitude 4⇡/k [24].

B. Ionisation form factors

In fig. 2 we plot the results of our ionisation form factor
calculation for helium (top), neon (middle) and xenon
(bottom) as a function of q when the ionised electron’s
kinetic energy is Ee = 30 eV. In all three cases, we see

FIG. 2. The dimensionless ionisation form factor for helium
(top), neon (middle) and xenon (bottom). In all three cases,
we show results when the ionised electron kinetic energy Ee is
30 eV. For clarity in the xenon panel, we only show the results
for the 4d, 5s and 5p shells: these shells give the dominant
contribution to the scattering processes that we consider.

that the outermost shell results share similarities, which
is not surprising given outer shell atomic electrons find
themselves in a similar potential.

At smaller values of Ee, the ionisation form factors
have a similar shape but with a smaller amplitude and a
small shift by ⇠ O(keV) to smaller values of q. This be-
haviour occurs because of the dependence of the electron
kinetic energy in the definition of the dimensionless ioni-
sation form factor, eq. (4) (recall that Ee enters through
ke), and because a smaller ionised electron kinetic en-
ergy requires a smaller kick from the momentum trans-
fer. Conversely, for larger values of Ee, the amplitude
of the form factors is larger and the peak shifts towards
larger q, e.g. to q ⇠ 30 to 50 keV when Ee ⇠ 1 keV.

We find that our results are in good agreement with
similar calculations in the literature. After the appropri-
ate conversion, we agree to 20% accuracy or better with
the non-relativistic Hartree-Fock 3s-shell xenon calcula-
tion in Ref. [16] across q values up to 500 keV.



Example: Unbound state for Neon
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Unbound states: hard for molecules!

No exact spherical symmetry!  But… model potential with spherical term 
(assume rotational averaging in gas) 

<latexit sha1_base64="1YJhD3KZxeEq2IIeFbIKPzXLGRA="></latexit>
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Form factor results
Helium
Ee=20 eV

1s
10-6

10-4

10-2

1

Neon
Ee=20 eV

1s
2s
2p10-6

10-4

10-2

1 Methane
Ee=20 eV

1a1
2a1
1t2

Xenon
Ee=20 eV

4d
5s
5p

1 5 10 50 100

10-6

10-4

10-2

1 Isobutane
Ee=20 eV

2a1
2e
5e
6a1

1 5 10 50 100 500

Io
ni
sa

tio
n
fo

rm
fa

ct
or

|f
io
n

i�
f
2

Momentum transfer q [keV]

• Outer-shells similar 
for atoms
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Sensitivity projections
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Reminder: towards DarkSPHERE

25

DarkSPHERE: Physics Potential

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Multi-physics platform: 
 Dark matter
 0νββ searches
 Neutrino physics
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Figure 2: Time line of the NEWS-G experiment .

DM candidate-target matching; f) flexibility in operational conditions, like pressure and high voltage, providing addi-
tional handles to disentangle potential signals from unknown instrumental backgrounds; and g) favourable ionisation
quenching factor [19]. The detector response to low energy nuclear recoils is discussed in Ref. [20] and its calibration
using a laser and radioactive sources is described in Ref. [21].

The NEWS-G Collaboration, comprising 10 institutes in 5 countries, produced first results with SEDINE, a 60 cm in
diameter (?) SPC operating at the Laboratoire Souterrain de Modane (LSM), France. These results extended for the
first time the constraints to DM down to 500 MeV [18]. NEWS-G has an ambitious programme, presented in Fig. 2,
to probe light DM down to masses of 0.1 GeV with a sensitivity reaching the neutrino floor.

Currently, the collaboration is commissioning SNOGLOBE, a 140 cm in diamater (?) SPC made of 99.99% pure
copper, in SNOLAB, Canada. SNOGLOBE’s active volume is internally shielded with a 500 µm thick layer of ultra-
radiopure copper, grown on the inner surface by adapting a low-background electroforming method to the hemispher-
ical shape. This procedure was undertaken at LSM, with leading contributions from my group [22, 23].

Electroformation: Improved radiopurity is key to extend further the discovery potential. NEWS-G currently designs
ECUME (Electroplated CUprum Manufacturing Experiment), a ?140 cm detector fully electroformed underground
to avoid cosmogenic activation. ECUME will also sustain higher pressure, increasing the target mass by a factor

5 over SNOGLOBE. Electroformation of ECUME at SNOLAB will will start in Fall 2021, following construction of
a 30 cm in diameter scale model at PNNL, USA.
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Figure 3: Results (solid) and projections (dashed
lines) for DM sensitivity; and He neutrino floor.

Further in the future, we aspire to construct DarkSPHERE, a
?300 cm fully electroformed underground spherical propor-
tional counter operating with He:C4H10(90%:10%) at 5 bar.
DarkSPHERE will achieve a sensitivity reaching the neutrino
floor, an inherent background to any DM search [24], while
the hydrogen-reach target gives sensitivity to the full range of
effective field theory interactions.

The design of DarkSPHERE is led by my group, with Boulby
Underground Laboratory being interested to act as the host.
The large volume of DarkSPHERE supports directional DM
searches. DarkSPHERE has the capability to act as a multi-
experiment platform, hosting neutrinoless double-b decay and
supernova neutrino searches. On the topic of neutrinoless
double-b decay searches, my group is already contributing to
the R2D2 R&D project, investigating the feasibility of con-
structing and operating a highly pressurised xenon time projection chamber that will probe the inverted neutrino mass
hierarchy [25, 26].

Electroformation of copper is a crucial capability, relevant for a number of future experiments. Beyond NEWS-G, the
Majorana [27], nEXO [28], NEXT [29], and LEGEND [30], which evaluates sites for LEGEND-1k [31], experiments
explore electroformation.

Physics with nuclear recoils: The expected sensitivity in DM searches for spin-independent interactions through
nuclear recoils for the several generations of NEWS-G detectors is summarised in Fig. 3, and is compared to the
current state-of-the-art. Furthermore, the hydrogen-reach targets employed in NEWS-G, give sensitivity to the full

Page 4 of 12

I will show projections for DarkSPHERE: the ‘ultimate’ detector of this type

in the UK?
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Scattering rates: pure gases
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Scattering rates: mixed gases

Adding molecular gases 
to helium or neon can 

improve sensitivity
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Scattering rates: mixed gases

Adding molecular gases 
to helium or neon can 

improve sensitivity

…and can lead to 
dramatic improvements 

for ‘light-mediator’ 
theories
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Conclusions

NEWS-G uses gas-based spherical proportional counters to hunt for dark matter

- detectors will double in size while reducing backgrounds by factor ~100

Until now, they only considered dark matter - nucleon interactions

- we investigated the prospects for dark matter - electron interactions for atomic and 
molecular gas targets

Calculated atomic and molecular wave functions using quantum chemistry tools

Prospects for constraining dark matter - electron interactions are excellent
- molecular gases can improve sensitivity over noble gases alone

30Christopher McCabe



Backup



Christopher McCabe 32

Generic direct detection result plot

Measurement/constraints on 
1. Dark matter mass 
2. Scattering cross section (with nucleons, electrons, …)
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Classic search: ‘nucleon scattering’

Detecting sub-GeV dark matter is hard — with nucleon scattering!

Emax
R ⇡ 0.1 keV

⇥ (131/A) (mDM/1 GeV)2

Normal DM signal 
below the energy 

threshold

Kinematics more favourable for electron scattering: 
opens the window to lower DM masses



34Christopher McCabe

NEWS-G SPC: an alternative view

8

Spherical Proportional Counter

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Electric field scales as 1/r2, volume divided in:  “drift” and “amplification” regions
Capacitance independent of size: low electronic noise

(dark matter) induces an 
electron through scattering

e- drifts to the anode 
and is detected 
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Scattering rates
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