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Motivation



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

Particle Physics
Cosmology

dark matter
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Suggests dark and visible matter & Informs and limits the
interactions are generic possible interactions
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Searching for DM-matter interactions: direct detection experiment

Dark matter flux

/ d°v fom(v) v

Dark matter
detector
on Earth

Event rate = DM flux x particle physics x detector response

Christopher McCabe



Hunting for dark matter—electron interactions

ionised
electron

Kinematics requirement:

1

2
5 MpMUpwm 2 Ebinding
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Constraint will be on the DM-electron
scattering cross-section
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The state-of-the-art
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Gas-based detectors



A real experiment: NEWS-G

Gas filled spherical proportional counter

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

helium, neon, xenon, methane &
isobutane have all been proposed

v, 7

~|40cm diameter
Copper (99.99% pure) vessel

Christopher McCabe



NEWS-G: towards DarkSPHERE

There is a roadmap to scale to even larger detectors

SEDINE (LSM) SNOGLOBE (SNOLAB) ECUME (SNOLAB) DarkSPHERE
@ 60cm @130cm 4 @ 130 cm @ 300 cm
NOSV Cu 4N Cu Electroformed Cu Electroformed Cu

in the UK?

Christopher McCabe



Expected sensitivity...
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nucleon scattering

Question we asked:
could this also be

used to hunt for . u
° - ///A
electron scattering? 107 F assumptions

44 Flat background (1.78 dru)
1 O Exposure 20 kg-days

A\

—45 Energy window [14 eVee; 1 keVee]
10 F=0.2, 6=0.12
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Dark matter-electron scattering: proposed search

@

Dark matter
scattering ionises
an electron from an
atom or molecule

> @

Atom or
Key aspect: molecule Anode
single electrons Orift
can be detected region
at the anode
Grounded

shell
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Developing the theory




Dark matter — electron scattering

ionised electron propagates
in the Coulomb field of the
ionised atom
(not a plane wave)

initial electron is not a
momentum eigenstate
(not a plane wave)

Christopher McCabe
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A modified scattering problem

Parameterise deviations ,
from a plane wave in a fi"ojl’f(Ee, q)| = /ko
form factor:

2k?
° 83

WV [ oo

Challenge: we need to calculate bound/unbound states

Christopher McCabe
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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-

1 X/, 2Z 1 Electrons move in a
Fock methods: H _5.-;21 (V" +_) L=

self-consistent field

Christopher McCabe
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PySCF advantage: ‘easy’ to model atoms and molecules

4 )
Neon: 2p and Xenon: S5p

Methane: 1t

Isobutane: 6a

Christopher McCabe
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Basics of PySCF: Atomic basis functions

The most ‘primitive’ objects are Gaussian Type Orbitals (GTO):

RZGTO(oz, r) o pt exp(—arQ)

These functions form a basis for our solutions

N

O(r,0,0) = > ¢ Ry (ay, r)Yim(0, ¢)

1=1

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

Christopher McCabe
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But atomic orbitals aren’t Gaussian...

Atomic orbitals generally decay exponentially, not as a Gaussian

eg: Rll—ISydrogen (7") — 9 exXp (—7“) (I'll always use atomic units)
Approx with 2 Gaussians Approx with 3 Gaussians Approx with 6 Gaussians
2.0f 2.0 | 2.0|
| o Rl;lyédrogen(r) RI:;;drogen(r) RI{I}édrogen(r)
—— STO-2G : —— STO-3G 3 —— STO-6G

1.5 - === GTO contributions 1.5

RN
@) |

- - == GTO contributions - - == GTO contributions

Radial function
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=
— 1.0
O
©

©
Y

Radial function
>

O
o

o
o
O
o

0.0- 0_0-_

r [atomic units] r [atomic units] r [atomic units]

More Gaussians (generally) model the true (exponential) solution more accurately
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Orbitals just sums of easy to manipulate functions

Iso6al[x , ¥ , z ] :=-0.0184365 EA (-0.8 (xA2+yA2+ (z-0.68975)72)) xA2-0.007283 EA (-0.8 (x*2+ (¥ -2.74539) A2+ (z+0.186516) A2)) xA2-0.0127042 EA (-0.8 ((x-2.37765) A2+ (y+1.3727) A2+ (z+0.186516) 72)) xA2-0.0127042 EA (-0.8 ((x +2.37765) A2+ (v +1.3727) A2+ (2 +0.186516) A2)) xA2+
0.00255541 EA (-1.1 ((x-1.6896) A2+ (¥ -3.69914) A2+ (z-0.533092) A2)) x - 0.00255541 EA (-1.1 ((x +1.6896) A2+ (¥ -3.69914) A2+ (z-0.533092)A2)) x +0.00375719 EA (-1.1 ((x -4.04817) A2+ (y +0.386449) A2 + (z-0.533092) A2)) x - 0.00375719 EA (-1.1 ((x +4.04817) A2+ (y +0.386449) A2 + (z - 0.533092) A2)) x +
0.00120952 EA (-1.1 ((x -2.35876) A2+ (¥ +3.31269) A2+ (z-0.533092) A2)) x - 0.00120952 EA (-1.1 ((x +2.35876) A2+ (y +3.31269) A2+ (z-0.533092)A2)) x +0.0769001 EA (-7.86827 ((x -2.37765)A2+ (y+1.3727) A2+ (z+0.186516) A2)) x +
0.0589621 EA (-1.88129 ((x -2.37765) 72+ (y+1.3727)A2+ (2 +0.186516)A2)) x +0.0675963 EA (-0.8 ((x -2.37765) A2+ (y+1.3727) A2+ (z+0.186516) A2)) x +0.0294262 EA (-0.544249 ((x -2.37765) A2+ (y +1.3727) A2+ (z +0.186516) A2)) x +
0.00483503 EA (-0.168714 ((x -2.37765) A2+ (¥ +1.3727) A2+ (2 +0.186516) A2)) x - 0.0769001 EA (-7.86827 ((x +2.37765) A2+ (¥ +1.3727) A2+ (z+0.186516) A2)) x - 0.0589621 EA (-1.88129 ((x +2.37765) A2+ (y +1.3727) A2+ (z +0.186516) A2)) x -

0.0675963 EA (-0.8 ((x +2.37765) A2+ (y+1.3727) A2+ (z+0.186516) A2)) x - 0.0294262 EA (-0.544249 ((x +2.37765) A2+ (¥ +1.3727) A2+ (z+0.186516) A2)) x - 0.00483503 EA (-0.168714 ((x +2.37765) A2+ (¥ +1.3727) A2+ (z +0.186516) A2)) x +

0.000601957 EA (1.1 ((x -2.43302) A2+ (¥ +1.40463) A2+ (z+2.25463) A2)) x - 0.000601957 EA (-1.1 ((x +2.43302) A2+ (¥ +1.40463) A2+ (z+2.25463)A2)) x +0.00626021 EA (-0.8 ((x-2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) y x - 0.00626021 EA (-0.8 ((x +2.37765) A2+ (v +1.3727) A2+ (2 +0.186516) A2)) y x -
0.00755719 EA (-0.8 ((x -2.37765) A2+ (y+1.3727) A2+ (z+0.186516) 72)) z x + 0.00755719 EA (-0.8 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) 72)) z x +0.0528688 EA (-18.7311 (xA2+ yr2+ (z-2.78357)A2)) +0.0896756 EA (-2.82539 (xA2+ yA2+ (z-2.78357)72)) +

0.0432885 EA (-1.1 (xA24+yA2+ (z-2.78357)72)) +0.102092 EA (-0.640122 (xA2+ yA2 4+ (z-2.78357)72)) +0.0481285 EA (-0.161278 (xA2+ yr2+ (z-2.78357)A2)) +0.00487483 EA (-3047.52 (xA2+ yA2+ (z-0.68975)72)) +0.00899328 EA (-457.37 (xA2+yr2+ (z-0.68975)A2)) +

0.014518 EA (-103.949 (xA2+ yA2 4+ (2 -0.68975)72)) +0.0188981 EA (-29.2102 (xA2+yAr2+ (z-0.68975)A2)) +0.0161258 EA (-9.28666 (xA2+ yA2+ (z-0.68975)72)) -0.283934 EA (-7.86827 (xA2+ yA2+ (z-0.68975)72)) +0.00556784 EA (-3.16393 (X 2+ yAr2+ (z-0.68975)A2)) -

0.221144 EA (-1.88129 (xA2+ yA2+ (2-0.68975)72)) +0.0175 EA (-0.8 (x*2+yAr2+ (z-0.68975)A2)) -0.127497 EA (-0.544249 (xA2 4+ yr2+ (z-0.68975)72)) -0.0213385 EA (-0.168714 (x 2+ yA2+ (z-0.68975)72)) -0.00786512 EA (-18.7311 ((x -1.6896) A2+ (¥ -3.69914) A2+ (z - 0.533092) A2)) -

0.0133407 EA (-2.82539 ((x-1.6896) A2+ (¥ -3.69914) A2+ (z-0.533092)A2)) -0.0132396 EA (-1.1 ((x-1.6896) A2+ (y-3.69914) A2+ (z-0.533092)A2)) -0.015188 EA (-0.640122 ((x -1.6896) A2+ (¥ -3.69914) A2+ (z-0.533092)A2)) - 0.00638192 EA (-0.161278 ((x -1.6896) A2+ (¥ -3.69914) A2+ (z-0.533092) A2)) -
0.00786512 EA (-18.7311 ((x +1.6896) A2+ (v -3.69914) A2+ (z -0.533092) A2)) - 0.0133407 EA (-2.82539 ((x +1.6896) A2+ (¥ -3.69914) A2+ (z-0.533092) A2)) -0.0132396 EA (-1.1 ((x +1.6896) A2+ (v -3.69914) A2+ (z-0.533092)A2)) -0.015188 EA (-0.640122 ((x +1.6896) A2+ (y -3.69914) A2+ (z - 0.533092) A2)) -
0.00638192 EA (-0.161278 ((x +1.6896) A2+ (y -3.69914) A2+ (z -0.533092) A2)) - 0.00784625 EA (-18.7311 ((x -4.04817) A2+ (v +0.386449) A2+ (2 -0.533092) A2)) - 0.0133087 EA (-2.82539 ((x -4.04817) A2+ (¥ +0.386449) A2 + (z - 0.533092) A2)) -

0.0132852 EA (-1.1 ((x-4.04817) A2+ (y +0.386449) A2 + (z - 0.533092) A2)) -0.0151515 EA (-0.640122 ((x -4.04817) A2+ (y +0.386449) A2+ (z - 0.533092) A2)) - 0.00636026 EA (-0.161278 ((x -4.04817) A2+ (y +0.386449) A2 + (z - 0.533092) A2)) -

0.00784625 EA (-18.7311 ((x +4.04817) A2+ (v +0.386449) A2+ (z - 0.533092) A2)) - 0.0133087 EA (-2.82539 ((x +4.04817) A2+ (v +0.386449) A2+ (2 -0.533092)A2)) -0.0132852 EA (1.1 ((x +4.04817) A2+ (v +0.386449) A2+ (z-0.533092) A2)) -

0.0151515 EA (-0.640122 ((x +4.04817) A2+ (v +0.386449) A2+ (z - 0.533092) A2)) - 0.00636026 EA (-0.161278 ((x +4.04817) A2+ (v +0.386449) A2+ (z - 0.533092) A2)) - 0.00777441 EA (-18.7311 ((x -2.35876) A2+ (v +3.31269) A2+ (z -0.533092) A2)) -

0.0131869 EA (-2.82539 ((x -2.35876) A2+ (v +3.31269) A2+ (z-0.533092)A2)) -0.0132122 EA (1.1 ((x -2.35876) A2+ (v +3.31269) A2+ (z-0.533092)A2)) -0.0150128 EA (-0.640122 ((x -2.35876) A2+ (¥ +3.31269) A2+ (z - 0.533092) A2)) -

0.00629407 EA (-0.161278 ((x -2.35876) A2+ (¥ +3.31269) A2+ (z -0.533092) A2)) - 0.00777441 EA (-18.7311 ((x +2.35876) A2+ (v +3.31269) A2+ (z-0.533092)A2)) -0.0131869 EA (-2.82539 ((x +2.35876) A2+ (y +3.31269) A2+ (z - 0.533092) A2)) -

0.0132122 EA(-1.1 ((x +2.35876) A2+ (y +3.31269) A2+ (z-0.533092) A2)) - 0.0150128 EA (-0.640122 ((x +2.35876) A2+ (¥ +3.31269) A2+ (z-0.533092) A2)) - 0.00629407 EA (-0.161278 ((x +2.35876) A2+ (¥ +3.31269) A2+ (z-0.533092) A2)) +0.00641496 EA (-3047.52 (xA2+ (¥ -2.74539) A2 + (z +0.186516) A2)) +
0.0118346 EA (-457.37 (xA2+ (¥ -2.74539) A2+ (2 +0.186516) A2)) +0.0191047 EA (-103.949 (xA2+ (y-2.74539) A2+ (z+0.186516) 72)) +0.0248686 EA (-29.2102 (x 2+ (¥ -2.74539) A2+ (z+0.186516) A2)) +0.0212204 EA (-9.28666 (xA2+ (y-2.74539) A2+ (z+0.186516) A2)) -

0.273285 EA (-7.86827 (xA2+ (¥ -2.74539) A2+ (2 +0.186516) A2)) +0.00732691 EA (-3.16393 (xA2+ (y-2.74539) A2+ (z+0.186516) A2)) -0.212261 EA (-1.88129 (xA2+ (¥ -2.74539) A2+ (z +0.186516) A2)) -0.103648 EA (-0.8 (xA2+ (y-2.74539) A2+ (z +0.186516) 72)) -

0.119493 EA (-0.544249 (x"2+ (v -2.74539) A2+ (2 +0.186516) A2)) - 0.0281546 EA (-0.168714 (xA2+ (¥ -2.74539) A2 + (z +0.186516) A2)) +0.00645144 EA (-3047.52 ((x -2.37765) A2+ (¥ +1.3727) A2+ (z+0.186516) A2)) +0.0119019 EA (-457.37 ((x -2.37765) A2+ (y +1.3727) A2+ (z +0.186516) 72)) +

0.0192133 EA (-103.949 ((x -2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) +0.0250101 EA (-29.2102 ((x -2.37765) A2+ (y +1.3727) A2+ (z+0.186516) A2)) +0.0213411 EA (-9.28666 ((x -2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) -0.276671 EA (-7.86827 ((x -2.37765) A2+ (y+1.3727) A2+ (z +0.186516) A2)) +
0.00736858 EA (-3.16393 ((x-2.37765) A2+ (¥ +1.3727) A2+ (z+0.186516) A2)) - 0.214874 EA (-1.88129 ((x -2.37765) A2+ (y +1.3727) A2+ (z+0.186516) A2)) - 0.104036 EA (-0.8 ((x -2.37765) A2+ (y+1.3727) A2+ (z+0.186516) A2)) - 0.120877 EA (-0.544249 ((x -2.37765) A2+ (y +1.3727) A2+ (z +0.186516) A2)) -
0.0284279 EA (-0.168714 ((x -2.37765) A2+ (¥ +1.3727) A2+ (z +0.186516) A2)) + 0.00645144 EA (-3047.52 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) 72)) +0.0119019 EA (-457.37 ((x +2.37765) A2+ (v +1.3727) A2+ (z +0.186516) A2)) +

0.0192133 EA (-103.949 ((x +2.37765) A2+ (v +1.3727) A2+ (z +0.186516) A2)) +0.0250101 EA (-29.2102 ((x +2.37765) A2+ (y +1.3727) A2+ (z+0.186516) 2)) +0.0213411 EA (-9.28666 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) -0.276671 EA (-7.86827 ((x +2.37765) A2+ (¥ +1.3727) A2+ (z +0.186516) A2)) +
0.00736858 EA (~3.16393 ((x +2.37765) A2+ (y+1.3727) A2+ (z+0.186516) A2)) - 0.214874 EA (-1.88129 ((x +2.37765) A2+ (y +1.3727) A2+ (z+0.186516) A2)) - 0.104036 EA (-0.8 ((x +2.37765) A2+ (¥ +1.3727) A2+ (z +0.186516) A2)) - 0.120877 EA (-0.544249 ((x +2.37765) A2+ (y +1.3727) A2+ (z +0.186516) A2)) -
0.0284279 EA (-0.168714 ((x +2.37765) A2+ (¥ +1.3727) A2+ (2 +0.186516) A2)) + 0.0283001 EA (-18.7311 (xA2+ (¥ -2.80946) A2 + (z+2.25463) A2)) +0.0480024 EA (-2.82539 (x 2+ (¥ -2.80946) A2+ (z +2.25463) A2)) +0.0146996 EA (-1.1 (xA2+ (¥ -2.80946) A2+ (z+2.25463) A2)) +

0.054649 EA (-0.640122 (X 2+ (V-2.80946) A2+ (z+2.25463)A2)) +0.0286706 EA (-0.161278 (xA2+ (¥ -2.80946) A2+ (z+2.25463) A2)) +0.0282991 EA (-18.7311 ((x -2.43302) A2+ (¥ +1.40463) A2+ (z+2.25463)A2)) +0.0480006 EA (-2.82539 ((x -2.43302) A2+ (y +1.40463) A2+ (z+2.25463) A2)) +

0.0146305 EA (-1.1 ((x-2.43302) A2+ (v +1.40463) A2+ (z+2.25463)A2)) +0.054647 EN (-0.640122 ((x -2.43302) A2+ (¥ +1.40463) A2+ (z+2.25463) 72)) +0.0286763 EA (-0.161278 ((x -2.43302) A2+ (y +1.40463) A2+ (2 +2.25463) A2)) +0.0282991 EA (-18.7311 ((x +2.43302) A2+ (¥ +1.40463) A2 + (z +2.25463) 72)) +
0.0480006 EA (-2.82539 ((x +2.43302) A2+ (v +1.40463) A2+ (z+2.25463)A2)) +0.0146305 EA (1.1 ((x +2.43302) A2+ (¥ +1.40463) A2+ (z+2.25463) 72)) +0.054647 EA (-0.640122 ((x +2.43302) A2+ (v +1.40463) A2+ (z+2.25463)A2)) +0.0286763 EA (-0.161278 ((x +2.43302) A2+ (¥ +1.40463) A2 + (z +2.25463) A2)) -
0.0183473 EA (-0.8 (xA2+yr2+ (2-0.68975)A2)) yA2-0.0144491 EA (-0.8 (xA2+ (y-2.74539) A2 + (z+0.186516) A2)) yA2-0.00902283 EA (-0.8 ((x -2.37765) A2+ (y+1.3727) A2+ (z+0.186516)A2)) yA2-0.00902283 EA (-0.8 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) yr2+

0.0367837 EA (-0.8 (xA2+yr2+ (2-0.68975)A2)) zA24+0.0217321 EA (-0.8 (xA2+ (¥ -2.74539) A2 + (z +0.186516) A2)) zA2+0.021727 EA (-0.8 ((x-2.37765) A2+ (¥ +1.3727) A2+ (2 +0.186516) A2)) zA2+0.021727 EA (-0.8 ((x +2.37765) A2+ (y +1.3727) A2+ (z+0.186516) A2)) zA2+

0.0000150143 EA (-1.1 (xA2+ yA24+ (2-2.78357)A2)) y +0.000856298 EA (-7.86827 (X 2+ yAr2+ (2-0.68975)A2)) y +0.000656555 EA (-1.88129 (xA2+ yAr2+ (z-0.68975)A2)) y+0.0000362503 EA (-0.8 (xA2+yr2+ (2-0.68975)A2)) y+0.000327667 EA (-0.544249 (xA2+ yA2 4+ (z-0.68975)72)) v+

0.0000546326 EA (-0.168714 (xA2+ yA2+ (z-0.68975)72)) y+0.00285128 EA (-1.1 ((x-1.6896) 72+ (¥ -3.69914) A2+ (z-0.533092)A2)) y +0.00285128 EA (-1.1 ((x+1.6896) A2+ (y-3.69914) A2+ (z-0.533092) A2)) y +0.000765625 EA (-1.1 ((x -4.04817) A2+ (y +0.386449) A2+ (z - 0.533092) A2)) v+

0.000765625 EA (1.1 ((x +4.04817) A2+ (¥ +0.386449) A2 + (z -0.533092) A2)) y -0.00362057 EA (-1.1 ((x -2.35876) A2+ (¥ +3.31269) A2+ (z-0.533092) A2)) y -0.00362057 EA (-1.1 ((x +2.35876) A2+ (¥ +3.31269) A2+ (z-0.533092) A2)) v +0.0877355 EA (-7.86827 (xA2+ (y-2.74539) A2+ (z+0.186516) A2)) v+
0.06727 EA (-1.88129 (xA2+ (y-2.74539) A2 + (z+0.186516) A2)) y +0.0776972 EA (-0.8 (xA2+ (¥ -2.74539) A2+ (z+0.186516) A2)) y +0.0335725 EA (-0.544249 (xA2+ (y-2.74539) A2+ (z+0.186516) A2)) y +0.00551439 EA (-0.168714 (xA2+ (¥ -2.74539) A2 + (z +0.186516) A2)) y -

0.0447658 EA (-7.86827 ((x-2.37765) A2+ (y+1.3727) A2+ (z+0.186516) A2)) y -0.0343236 EA (-1.88129 ((x-2.37765) 2+ (y+1.3727)A2+ (z+0.186516)A2)) y - 0.0388467 EA (-0.8 ((x-2.37765) A2+ (y+1.3727) A2+ (z+0.186516)A2)) y -

0.0171299 EA (-0.544249 ((x -2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) y -0.00281769 EA (-0.168714 ((x -2.37765) A2+ (y +1.3727) A2+ (z+0.186516) A2)) y - 0.0447658 EA (-7.86827 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) y -

0.0343236 EA (-1.88129 ((x +2.37765) 72+ (y+1.3727) A2+ (2 +0.186516)A2)) y -0.0388467 EA (-0.8 ((x +2.37765) A2+ (y+1.3727) A2+ (z+0.186516) A2)) y-0.0171299 EA (-0.544249 ((x +2.37765) A2+ (¥ +1.3727) A2+ (z +0.186516) A2)) y -

0.00281769 EA (-0.168714 ((x +2.37765) A2+ (y +1.3727) A2+ (2 +0.186516) A2)) ¥ +0.00067427 EA (-1.1 (xA2+ (¥ -2.80946) A2 + (z +2.25463) A2)) y - 0.000355169 EA (-1.1 ((x -2.43302) A2+ (y +1.40463) A2+ (z+2.25463)2)) y-0.000355169 EA (~1.1 ((x +2.43302) A2+ (v +1.40463) A2+ (z +2.25463)A2)) y -
0.0155515 EA (-1.1 (xA2+yA2+ (z-2.78357)A2)) z+0.427962 EA (-7.86827 (X 2+ yAr2+ (2-0.68975)A2)) z+0.328134 EA (-1.88129 (x 2+ yA2+ (z-0.68975)72)) z-0.0507432 EA (-0.8 (xA2+yAr2+ (2-0.68975)A2)) z+0.163762 EA (-0.544249 (x 2+ yAr2+ (z-0.68975)A2)) =+

0.0293249 EA (-0.168714 (x*2+yAr2+ (2-0.68975)A2)) z-0.00304879 EA (-1.1 ((x-1.6896) A2+ (y-3.69914) A2+ (z-0.533092) A2)) z-0.00304879 EA (-1.1 ((x +1.6896) A2+ (¥ -3.69914) A2+ (z-0.533092)A2)) z-0.00305512 EA (-1.1 ((x-4.04817) A2+ (y +0.386449) A2 + (z - 0.533092) A2)) z -

0.00305512 EA (-1.1 ((x+4.04817) A2+ (y +0.386449) A2 + (z-0.533092) A2)) z-0.00306618 EA (-1.1 ((x -2.35876) A2+ (¥ +3.31269) A2+ (z-0.533092) A2)) z-0.00306618 EA (~1.1 ((x +2.35876) A2+ (v +3.31269) A2+ (z-0.533092)A2)) z-0.221551 EA (-7.86827 (x 2+ (V-2.74539) A2+ (z +0.186516) A2)) z -
0.169871 EA (-1.88129 (xA2+ (¥ -2.74539) A2+ (2 +0.186516) A2)) z +0.0322396 EA (-0.8 (xA2+ (y-2.74539) A2+ (z+0.186516) A2)) z-0.0847774 EA (-0.544249 (xA2+ (y-2.74539) A2+ (z+0.186516) 72)) z-0.0148513 EA (-0.168714 (xA2+ (¥ -2.74539) A2 + (z +0.186516) A2)) z -

0.221636 EA (-7.86827 ((x -2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) z-0.169937 EA (-1.88129 ((x -2.37765) A2+ (¥ +1.3727) A2+ (z+0.186516) A2)) z+0.0320284 EA (-0.8 ((x-2.37765) A2+ (y+1.3727) A2+ (z +0.186516) A2)) z -

0.0848103 EA (-0.544249 ((x -2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) = -0.0148544 EA (-0.168714 ((x -2.37765) A2+ (¥ +1.3727) A2+ (z+0.186516) A2)) =z -0.221636 EA (-7.86827 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) z -

0.169937 EA (-1.88129 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) z +0.0320284 EA (-0.8 ((x +2.37765) A2+ (¥ +1.3727) A2+ (2 +0.186516) A2)) z - 0.0848103 EA (-0.544249 ((x +2.37765) A2+ (y +1.3727) A2+ (z +0.186516) A2)) z -

0.0148544 EA (-0.168714 ((x +2.37765) A2+ (¥ +1.3727) A2+ (2 +0.186516) A2)) z +0.00735991 EA (-1.1 (xA2+ (¥ -2.80946) A2 + (z+2.25463) A2)) z+0.00735996 EA (-1.1 ((x -2.43302) A2+ (y +1.40463) A2+ (z+2.25463)A2)) z+0.00735996 EA (-1.1 ((x+2.43302) A2+ (y+1.40463) A2+ (z+2.25463) 72)) z -
0.0000525557 EA (0.8 (xA2+ yA24+ (2-0.68975)72)) y z-0.00879031 EA (-0.8 (xA2+ (y-2.74539) A2+ (2 +0.186516)A2)) y z+0.0043383 EA (-0.8 ((x-2.37765) A2+ (y+1.3727) A2+ (2 +0.186516)A2)) y z+0.0043383 EA (-0.8 ((x +2.37765) A2+ (y+1.3727) A2+ (2 +0.186516) A2)) y =z
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Summary of PySCF output

Helium (He) Neon (Ne) Methane (CHy)

Isobutane (C4Hjio)

Xenon (Xe)

Basis: aug-cc-pVbHZ Basis: aug-cc-pVHZ 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
6a’
5e*
las
4e*
3e?
Sa%
da?
2¢e*
3a?
2a%
le?
la?

I exp

14.80 13.6
20.66  22.9
304.96 290.8

Orbital Iygrg Iyr

1s? 24.98

Iexp  Orbital
24.6 2p°  23.14
252 52.53
1s* 891.79

Ixp  Orbital
21.7 1t5
48.5 2a3
870.2 la?

Iyr

IHF Iexp
12.34 11.13
12.44  11.75
13.86  12.85
14.54 13.71
16.04 15.03
17.15 15.91
20.62  18.58
25.17  21.83
29.44  24.83
305.01 —
305.01 —
305.30 —

Orbital

5p6

552
4d*°
4p6
452
3410
3p°
3s°
2p6
252
1s*

Iur
12.45

25.54
75.72
163.56
212.69
711.26
958.02
1087.7
4839.8
0132.0
33321

I exp

12.7
23.3
68.5
146.1
213.2
682.7
971.4
1149
4947
5453
34561

Methane and isobutane benefit from lower ionisation energies

(compared to nobles)

Christopher McCabe
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Unbound states: ‘straightforward’ for atoms

Solve the radial Schroedinger equation:

1 d¢  1.(l.+1 ‘
5 o | (2r2 ) - Vaisk (1) | Pk (1)

= FEePpi k.. (1) + E 01,1 Akon' Prrir (1)
n’l’
Construct the potential from our bound states using Cowan’s HX method
to model the exchange potential

Viiska, (1) = - Voo, (1) + Vn}zlikeze(T)

gy , ke (240/(r) '
VnI_lI_>k€l€ (7") _ Z(wn’l’ . 5nl,n’l’)/ —P’r%/l/ (T ) VnI_lIﬁkele (T) — 2 (

n’l’ 0 >
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Example: Unbound state for Neon

Bound VS unbound

0.01 O 050 10 O 50 1
r [Bohr radius]

P(I'=1)(r)

Unbound state

v
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Unbound states: hard for molecules!

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

1 d? | l(l -+ 1) /it
2 dr? 22 r

] Pri(r) = EPg(r)

Solutions are (analytic) Coulomb functions

T 2L o ff

U (641 — 2| 75

ok (20 + 1)

1L off

Pyi(r) = (2kr) T x e M (Z + 14 2 , 20 + 2; 22’]-67“)
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Form factor results

1 _ Helium _
E,=20 eV

Methane | o Quter-shells similar
E,=20eV
for atoms

e Neon & methane
shapes similar

lonisation form factor |fi’0_r’]f|2

1 5 10 50 100 1 5 10 50 100 500
Momentum transfer q [keV]

Christopher McCabe



Sensitivity projections



Reminder: towards DarkSPHERE

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

SEDINE (LSM) SNOGLOBE (SNOLAB) ECUME (SNOLAB) DarkSPHERE
@ 60cm @130cm 4 @ 130 cm @ 300 cm
NOSV Cu 4N Cu Electroformed Cu Electroformed Cu
in the UK?
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Scattering rates: pure gases

, 1073 AU -
DarkSphere projected ?tf; AN N S
e o . —37 .
sensitivity with all five 1077 300days £ oNie
ST LI X
gases is significantly 1038 t |
below current limits = A
5 107% \
O, /\\ :
& 104 isobutanest | \
1 0—41 methane ?:§ \‘/7\@//(//77 ./'f‘:(;“
Y e — "; Xe’ -
ol Enlev  NSmmrTolo=t
Fom=1 neo”
1 0—43 L1 1 1111 l Ll l L1
1 10 107 10°

Dark matter mass mpy [MeV]
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Scattering rates: mixed gases

| 107%0F am LN
Adding molecular gases oy b
. -3/ '
to helium or neon can 10777F 300 days d
improve sensitivity 10738
N Ne+ /“‘““
5 107 \ !
& 10% CH4‘\‘

K 10740

He+
1041 10% C4Hqg

g-az| En=1eV

FDM:1
10—43 I I L1 1
1

10

Dark matter mass mpy [MeV]
Christopher McCabe
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Scattering rates: mixed gases

Adding molecular gases -84 & 1
to helium or neon can ¥
: P 107°F @3m ¢
improve sensitivity 1
C\lr_1 10_36 Sbar :
- 300days
= 10~ ‘-.
...and can lead to g f Ne+ —%7
o, 107°°F 10% CH,
dramatic improvements g
fOl‘ ‘Iight-mediator’ 10 . Epn=1eV
theories 10 . FDM:(ame/q)z He+10% C4H1g
'IO_ 7 1 L1 L il 1 L1 L1l 1 L1 Lyl
1 10 107 10°

Dark matter mass mpy [MeV]
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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
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Generic direct detection result plot

Measurement/constraints on
|. Dark matter mass
2. Scattering cross section (with nucleons, electrons, ...)

Discovery

No Discovery

excluded

allowed

scattering cross section
scattering cross section

Dark matter mass Dark matter mass

e

B
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Classic search: ‘nucleon scattering’

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

DM-nucleon cross section

10—38 E

10739 — i

10_40:_ Normal DM signal CRESST-II (2015) —_

LUX (2015) =

_ below the energy S/ onim ooty

1074 ¢ SuperCDMS (2014) —--
: threshold CDMSlite (2015)

10742 i

" _ ER? =~ 0.1 keV

al x (131/A) (mpm/1 GeV)?

107% ¢

10—46_ L] L] L] L L] L

0.001 0.01 0.1 1 10 100 1000

my (GeV)

Kinematics more favourable for electron scattering:

opens the window to lower DM masses

Christopher McCabe
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NEWS-G SPC: an alternative view

(dark matter) induces an
electron through scattering

“
S e
)
L
L
L
L
L
L
L
“
‘ /

_Grounded Cathode

Metallic rod

e- drifts to the anode

and is detected |
HV Wire —
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Scattering rate dR/dE, [cts/keV/kg/day]

Scattering rates

[ mpy=10 MeV = — - — Helium
10¢ = —10-%0cm? Neon

P 0= cMm — — — Xenon

——., Fpy=1 =====-- Methane

—=-=-=— |sobutane -

10 _________ Mpy=30 MeV
S, P, o.=10"*cm?
——— ~\!~

1t N
107"

Background

: T.=10"*cm?
1 E:..:.""'ng-_

C— e G S
L ..\

10714
: Background
' N

-2 I

10 EI L I L1 1 111l \I‘I‘\lllll

1 3) 10 50 100

Electron kinetic energy E, [eV]

Scattering rate dR/dE, [cts/keV/kg/day]

- Meu=10 MeV — - — Helium
10Fm=._ oM e, — Neon
: ’\%\0'6:10 CM” — — — Xenon
~eoe 0N e Methane
1k Ss —-=-— |sobutane :
[ S \ ;
N\

10_2;

10¢

Fom=(am./q)

AN '\

| |‘x||||||\\ | | |
1 I | T 1T 111 1 1

107"

A il
\ Ty
Ll L]

mpy=30 MeV

" 0.=10"%cm?
? 4
Fom=(am./q)*

mpm=300 MeV
T.=10"*cm?’

Fom=(a@m./q)*

-
1 L1 1 1111 ale L1 1 1111 1

5 10 50 100
Electron kinetic energy E, [eV]
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