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Why DM-Electron Searches?

* DM-electron scattering opens searches for MeV-GeV DM

* Requires sensitivity to small number of electrons (<4e-)
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What Are Spherical Proportional Counters (SPC)?

* SPCs consist of gas in a sphere, sensitive to |e- events and exhibit low noise
* Used for nuclear scattering bounds on DM
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Can SPCs be used for DM-electron searches?

* Electron gets kicked off by DM particle and drifts down, triggering an avalanche
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Drift
region

Grounded
shell
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e(E

Developing the theory

Electron scattering

x(k) x(K')

e — _EBap) e(p')

Rates o | / AT P (X) € T Y (%)

2

* Look at Helium, Neon (lighter), Xenon
(traditional) and CH, & C4H,, (quenchers)

= PySCF : Quantum chemistry package
that solves HF egs. self-consistently for atoms
and molecules

NEON: B, =21.7eV ISOBUTANE: E,,,=1 1.leV
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Unbound Electron Wavefunctions

Atoms: Continuum limit: Hartree-Fock + frozen core:

Ld*P;, ;_

lo(la +1)

2 dr2

2r2

Z
P, (r) — ;Pnala (r)+

= €ngly Prat, (T)

Molecules: Coulomb potential/wavefunction:

1d%Pa,,

la(la +1)

2 dr?

2r2

Z
P, (r) — - Prata (m)+

Zeff

r

= €nglo Prat, (1)

Potential:
- Point nucleus :-Z/r
- Electron “cloud”: Vi, (r)

- Electron “exchange”:
V;exch

= l/ratlarger

Louis Hamaide



Event Rates

* Event rates higher for lighter states, but also for states spread in momentum space: Neon best overall
* Molecules can be used for the lightest dark matter bounds

Scattering rate dR/dE, [cts/keV/kg/day]
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SPCs can reach very encouraging cross sections

Heavy mediator

*
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sSummary

Dedicated direct detection of DM-electron scattering good probe of light DM (<1GeV)
Developed theory for DM-electron scattering in atoms and molecules in SPCs
Seems promising = more sensitive than current bounds / comparable to other proposed experiments

SPC good probe of light DM-electron scattering !
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Thank you!
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Bound Electron Wavefunctions

* Hartree-Fock approximation: mean field self consistent bound states:

1d2Pnala la(la +1)
2  dr? 2r2

P, (r) — %Pnala(r)-l— D (4l +2) (vo(nblb, 1) Pt (1) = Y A, vi(nale, nala, T)Pn,,lb(r)>
.

nblb

= enalaPnala (Ir) + Z Enalaanbla Pnbla (,r)

nb#’na

* PySCF : Quantum chemistry package that solves HF egs. for atoms and molecules:
» HF equations solved self-consistently using gaussian basis pySC'f

» Includes relativistic treatments, molecular dipoles, and more

» Expect accuracy of O(30%) in event rates/bounds

Louis Hamaide



Bound Electron Wavefunctions - Results

HELIUM NEON XENON
Ei, = -24.6 eV Eon = -21.7 eV E..= -12.7 eV
> events from 2 —> events from 8 - events from 18
electrons electrons electrons
| s orbital 2p orbital 5p orbital
METHANE (CH,) ISOBUTHANE
(C4H0)
Eon =-13.6 eV
- events from 8 Eon=-11.1 eV
electrons - events from 26
. electrons
2t,, orbital e, orbital
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Back up - Motivation for Light(er) Dark Matter

* Dark matter has many ways of appearing in the present day universe:

Thermal Production (e.g. freeze-out WIMP), Freeze-in (FIMP), Inflaton decay, Gravitino...

WIMPs annihilate until
T~m,/20, leaving relic density:

SM particles annihilate near
T~m,, leaving relic density:

—27
-X ’ ~ .
<UXX Urel >

QX]LQ a <(7'vafl-"-r(f.l>
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Efficiency

1.0

Back up - More On Detector

(liguid) Xenon 1T threshold (>4.5e-)
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Back up - More On Constraints

Electron Recoil SuperCDMS projection (Essig et al.) SENSEI
10-27 10720 e
1072 DAMIC2012 1 10727¢
10:3(9) 107 g-d, 1le~ A 10-28L
%8—35 : 102}
10~ 4 -30f
10-;31 XENON10 : 10 N
NE %8_35 : B ~ 32_
= 10—36 : g 1077“F L N
b 107 - 5 107} / ~
0 10734} h
10740 10-35} XENONI10 i
1041 XENON100
_42 10736} DarkSide—50 s
10_43 SuperCDMS 3
%8_44 : ; . S1, 10 kg—yr ! 10~ Tt o
1 10 100 1000 10-38} Fom=! | l =<
m, [MeV] 1 10 102 103
m, [MeV]

Louis Hamaide



Back up - Hartree Fock choice

* Hartree-Fock approximation: self-consistent bound states with energies correct to first order:

_ldanala la(la+1)
2 dr? 2r2

A
P’nala (7') - 7 Ngla (7")+

nply

np #na

'

Easy to solve Non-Rel approx. Accuracy of
Hamiltonians for good for ~30% in event
full shell atoms q < 200keV rates/bounds

* Sensitivities of bounds to choices:

» ~30-50% Gaussian basis choice
~50-100% exchange potential choice, orthogonalization
~10-20% analysis of recoil energy profile vs. deposited energies
~30% astrophysical parameter choices
Linear with background

VYV VY

— enalaPnala (r) + Z enalaynblapnbla (r)’

Z(4lb + 2) (Uo(nblb, )P, (1) — Z A, v (plp, mala, T)Pnblb(r))
.

(3.71)
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Bound electron wavefunctions (3/4)

* Hartree-Fock approximation: mean field self consistent bound states:

2
ld Pna,la la(la, + 1)Pnal (’I’) _ ‘f—Pnala (1”)—{— Z(4lb -+ 2) ('Uo(nblb, T)Pnala (r) — ZAlaubvl(nblb, nala, T)Pnblb('f‘))
l

2 dr? 2r2 : ols
Self-consistent = enataPrata(M) + > €natasmata Prata () Expectoac.curacy of
approach nyEng O(30%) in event
required rates/bounds
20 2.0 n n '
Rl{i)édrogen(r) R Rl;l);droge“(r) AO“["l £ Z (:.'i exp(—(l‘i 7’2)Y27n<9, (,"))
—— STO-2G ——— STO-6G :
511 - GTO contributions 511 - GTO contributions
5 5
EDN, 3 ol M Onim = OnimAOm
= 1.0}.. =10 VL Unlm nlm <41 nlm
g : pyscf
o o
0.5 0.5
Hy = /AOi(r)Hj(r)AOj(r) d°r .
0.0} 0.0 '
0 1 2 3 4 0 1 2 3 4

Treats atoms and molecules,
: . . relativistic treatments
Gaussian basis choice important at small/large r : ’
molecular dipoles, and more.

r [atomic units] r [atomic units]

Louis Hamaide



Back up - Bound electron wavefunction symmetry

* Molecular orbitals are no longer eigenfunctions (spherical harmonics) of the SO(3) generators.

1) s
P(r) = #Ylm((}, o) — Y(x,y,2)

* We need new classification of orbitals :

irreducible representations of SO(3) = irreducible representation of point group

linear functions quadratic cubic
T 8 3 6 60 ; ’ A :
a E G || 962 o4 d rotations functions functions
Ap |41 |41 [+1 |41 |41 |- x2+y2+422 Xyz

Ag [+1 [+1 [+1 [-1 |1

E [(+2 (-1 +2 |0 0 - (222-x2-y2’x2-y2) -
Ty |+3|0 |1 [+1 |-1 |RuRR) |- [x(z%-y?), y(z*-x?), z(x*-y?)]
T (43|10 |-1 |[-1 |+1 |(x,y,2) (xy, Xz, yz) &3, y3, 2) [x(Z2+y?), y(@2+x?), 2(x+y?)]

Tetrahedral group (Methane): T
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Back-up - bound electron energies

Helium (He) Neon (Ne) Methane (CHy) Isobutane (C4Hio) Xenon (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 IHF Iexp Orbital IHF Iexp Orbital IHF Iexp Orbital IHF Iexp Orbital IHF Iexp
1s> 2498 24.6 2p® 2314 217 1t5 14.80 13.6 6a? 1234 11.13 5p 1245 127
2s2  52.53 485 2¢? 25.66 22.9 5¢* 1244 11.75 5s2 25.54  23.3

1s? 891.79 870.2 la? 30496 290.8 1la? 1386 1285 4d° 7572  68.5

4e* 1454 13.71 4p°  163.56  146.1

3¢ 16.04 15.03 4% 21269 213.2

5¢2 17.15 15.91 3d° 711.26 682.7

4a? 2062 18.58 3p® 958.02 9714

2¢*  25.17 21.83 3s2  1087.7 1149

3a7 29.44 24.83 2p°  4839.8 4947

2¢?  305.01 - 252 5132.0 5453
1le* 305.01 — 1s> 33321 34561
la® 305.30 —
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Event rates — Back up

The dark event rate can be calculated using:

nl
dR . 1 PDM 2 :’U’ Id<0-i,2>11vD1\"1> d<0—£>ln/v> . Oe /q+ Qd(]‘ f'nl ‘2‘F ‘29(? nl )
— ‘nl — g . ) A
dE, ma MpMm - dE, , where dln E. 8,“% Jion DM| Y\Ymin

l

Assume phenomenological background provided by NEWS-G, Fpm=I
0% Methane (plane wave) contribution

Npins
Likelihood analysis: A=go W R L) = [] P (N, | Vi) + M)
e 1=0

With exposure 5atm.300days in sphere of radius |.5m DarkSPHERE sensitivity below Xenon |IT
Molecular contribution seen as setting own bounds = potential for molecular bounds on DM-e
scattering
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Back-up - Sensitivities to higher threshold
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