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Ronald Walsworth

Harvard-Smithsonian Center for Astrophysics
Quantum Technology Center, University of Maryland

\\‘ERSIT})
Q

s X, O,
18 @/ 56
% g-/ep

ARy LN




Two hard problems

Detect dark matter on Earth Measure dark matter in galaxy directly




10+ years
Two hard problems — Two ‘crazy’ ideas

Detect dark matter on Earth Measure dark matter in galaxy directly

Galactic Center
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Why directly (i.e., dynamically) measure DM density in galaxy?

Reduce systematics from assumptions & models in indirect (static) methods

=> Improve accuracy

dark matter halo

Observe DM density sub-structure

Suf bulge

Probe Milky Way history

disk

. . . Milky Way
Inform direct detection experiments

Are we in a region of DM
under- or over-density?




Detect WIMP dark matter on Earth

PHYSICAL REVIEW D 96, 035009 (2017)

A method for directional detection of dark matter using spectroscopy
of crystal defects

[ Surjeet Raje:ndran,1 Nicholas Zobrist,ﬂ E‘Xlexander 0. Sushkov,?”4 Ronald Walsworth,5 and Mikhail Lukin® }

High energy theorists AMO types

2 year pilot project supported by US Dept. of Energy




5/28/2018 Dark matter particles elude scientists in the biggest search of its kind | Science News

ScienceNews

GAZIMNE OF THE SOCIETY FOR ¢

News in Brief: Particle Physics

Dark matter particles elude scientists in the biggest search of its kind
But XENON1T's results narrow where to search for hypothetical particles called WIMPS

By Emily Conover 5:00am, May 28, 2018
g

WIMPS =
Weakly Interacting
Massive Particles

WIMPING OUT The XENON1T experiment (contained inside the large tank above, at left) reports no hint of any interactions from particles of dark matter within, despite a yearlong
search.

Roberto Corrieri and Patrick De Perio

https://www.sciencenews.org/article/dark-matter-particles-elude-scientists-biggest-search-wimps 173



Challenges

|) small WIMP-nucleon x-section
2) neutrino “floor”

Neutrino event rate (solar 2B)
~ 10 / ton-year

L. E. Stringari, New J. Phys. 11, 105011 (2009).

WIMP event rate (o ~ 1046 cm?)

~ 10 / ton-year

J. Monroe, J. Phys.: Conf. Ser. 136, 022037 (2008).
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Challenge #1: small WIMP-nucleon x-section => large mass detector
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Challenge #2: neutrino “floor” => directional detection of WIMPs

WIMP halo wind
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Motion of the Earth and the detection of weakly interacting massive particles

David N. Spergel*
Institute for Advanced Study, Princeton, New Jersey 08540
(Received 21 September 1987)
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Challenge #2: neutrino “floor” => directional detection of WIMPs

WIMP flux in Sun frame

WIMP Wind
ey

virialized WIMP
VRMS ~270 km/s

https://www.hep.shef.ac.uk/research/dm/drift.php

Motion of the Earth and the detection of weakly interacting massive particles

David N. Spergel*
Institute for Advanced Study, Princeton, New Jersey 08540
(Received 21 September 1987)
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Challenge #2: neutrino “floor” => directional detection of WIMPs

DRIFT detector
CYGNUS collaboration

pesl ¥

|||||

Time projection chamber
lonization tracks in ~10 torr gas ~0.1 kg

https://web.infn.it/cygnus/
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https://web.infn.it/cygnus/

Challenge #2: neutrino “floor” => directional detection of WIMPs

DRIFT detector
CYGNUS collaboration
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Our approach: a “bubble chamber” in diamond

detector:

sectioned PMT
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Our approach: a “bubble chamber” in diamond
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Our approach: a “bubble chamber” in diamond

Cubic meter of

diamond with
high NV-density
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2) localize WIMP scattering to section

via scintillation & record event time

=1 mm



Our approach: a “bubble chamber” in diamond

Cubic meter of
diamond with

high NV-density

detector:
sectioned
diamond

scattering eve

detector

PMT

(\9
4 pull out
ction

a | recoil
- Inucleus

p

section | damage track

3)
scanning
microscope
objective

)
2)

many millimeter-scale sections

localize WIMP scattering to section
via scintillation & record event time

nanoscale imaging of damage track
=>WIMP direction

i) Strain imaging with dense NVs
i) Induced NV track in diamond

iii) X-ray nano-tomography

=1 mm

May combine techniques



Our approach: a “bubble chamber” in diamond

WIMP or neutrino
=> C nucleus

Example TRIM S|m latior
of 30 keV recoiki |n dlamond
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Stable damage track ~ 100 nm

>100 interstitials & vacancies

asymmetric
shape

NV spin Hamiltonian

i) Strain imaging with dense NVs

NV frequency shifts > 100 kHz
=> easily observable

H,=(D+M.,,)S2, +~B-S,
T

Strain-induced shift for kth crystal axis




Our approach: a “bubble chamber” in diamond

Depth vs: YiAxis’ ,

s+ Stable damage track ~ 100 nm

W o neune Induced N >100 interstitials & vacancies
=> C nucleus i
—)
' } asymmetric
Example TRIM S|m latior shape

of 30 keV recoikin dlamohd
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NV spin Hamiltonian

H,=(D+M.,,)S2, +~B-S,
T

Strain-induced shift for kth crystal axis

i) Induced NV track in diamond

Low background signal




Our approach: a “bubble chamber” in diamond

WIMP or neutrino
=> C nucleus
—)

s+ Stable damage track ~ 100 nm

>100 interstitials & vacancies

Collaboration with Argonne National Lab
Advanced Photon Source

par

: } asymmetric
Example TRIM simulation shape
of 30 keV recoikin diamond
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iii) X-ray nano-tomography

Track resolution ~ 30 nm
Requires diamond slices <10 ym




. . . . Anomaly detection &
NV-diamond sensing highlights GPS-denied navigation NMR of single cells
and proteins
Condensed matter physics
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Preliminary work #1: Purple diamonds (dense NVs)

~10 ppm [N]
~5 ppm [NV]
99.9999, 12C

Birefringence => low strain,
homogeneous NV properties
over mm

Measurements in progress...



Preliminary work #2: NV strain mapping, | micron

resolution, mm field-of-view, homogeneous strain
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Preliminary work #3: NV nanoscale magnetic sensing

" — ':'doughnut

\ , - spin-RESOLFT using scanned doughnut laser beam
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Preliminary work #4: Induced NVs in low [NV] diamond

: 400 keV Be* ions
500 kc/s => 5 NVs = ‘ =>1 um deep
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In progress:
X-ray tomography correlated
with NV imaging
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Challenges — from near to long term

3D nanoscale strain imaging with high NV density

Demonstrate nanoscale x-ray & induced NV track measurements

Fully model WIMP, neutrino, background angular distributions
Make scintillation work in segmented diamond (surfaces?)
Shield external backgrounds (e.g., neutrons, o)

Reduce internal backgrounds (from '“C, etc.)

Do everything efficiently

Scale up

Cost for cubic meter of diamond?




Measure dark matter in galaxy directly

PHYSICAL REVIEW LETTERS 123, 091101 (2019)

Probing Dark Matter Using Precision Measurements of Stellar Accelerations

[Aakash Ravi,"” Nicholas Langellier,"* David F. Phillips,’ | Malte Buschmann,z’}
High energy [ Benjamin R. Safdi,ﬂ and[Ronald L. Walswonhlal*}

cosmology theorists AMO/quantum types

Technology supported by NASA, NSF



To date: local dark matter density determined indirectly

No dynamics



To date: local dark matter density determined indirectly

Method 2: stellar velocity

Method 1: Milky Way rotation curve
dispersion perpendicular to disk

stellar velocities vs. radius
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(2) requires modeling Milky Way bulge and disk
(3) assumes DM halo spherical symmetry
(4) insensitive to DM density variation ~1 kpc




Our approach: measure stellar radial accelerations ‘complement Gaia’
=> direct measure of galaxy grav. potential gradient
=> local dark matter density

Galactic Center 1 0 ar

'DDMN_41TG ar

Ar
Ar a, ~10-8 cm/s?
h Crazy?
~103 \
Observe ~10 Stellar 1 cm/s
Sun-like stars ) )
in ~0.1 kpc regions radial velocity 3 year
-1 KP 9 change y S

~3 kpc away



Search for Earth-like exoplanets 2008

nature Vol 452|3 April 2008 |doi:10.1038/nature06854

LETTERS In the lab, not at the telescope...

A laser frequency comb that enables radial velocity
measurements with a precision of 1Tcms ™"

Chih-Hao Li*%, Andrew J. Benedick?, Peter Fendel®*, Alexander G. Glenday"?, Franz X. Kartner®, David F. Phillips’,
Dimitar Sasselov!, Andrew Szentgyorgyi' & Ronald L. Walsworth'2

Doppler Shift due to
Stellar Wobble

1 |
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exoplanet
Wavelength (nm)

Atomic clock




Astro-comb 2015
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Astro-comb

Stellar spectrum => radial velocity

Operating at TNG telescope...

HARPS-N spectrograph
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Two sample deviation of
differential RV shift (cm/s)
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Optica (2015)

2 3 4 567 2
10
Number of exposures

Stellar acceleration
~10-8 cm/s? practical?




I\IllenloSystems

Menlo Systems frequency comb helps analyze combined light
from four telescopes in the VLT

ESO's Very Large Telescope has four main telescopes; their light, combined in a single spectrograph, is
analyzed using the 'AstroComb.




Goal: measure stellar accelerations ~10-8 cm/s? ~10-20 yrs
=> direct measure of local dark matter density

Galactic Center

* Next-gen telescope (~30 m)
=> shot-noise

33359

Ar
A, * Account for
companions & planets
Earth
Observe ~103 * Understand stellar activity
Sun-like stars ,
in ~0.1 kpc regions * Astro-comb provides long-term

~3 kpc away spectroscopic stability over years

for a decade



Simulate observin
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Stellar acceleration precision for stellar activity ~10 cm/s
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Future directions

Can we do similar acceleration surveys
with pulsars? (David Phillips)




Pulsars are stable long-term astro-clocks
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Pulsar acceleration from DM => frequency chirp

For a pulse frequency v,

Vaccel = QV/C

For a millisecond pulsar (¥ = 300 Hz ) and typical

galactic acceleration (a 10~ m / 82)2

Vaccel = 10719 Hz/s ~ 3 x 107" Hz/yr

Should be detectable with current pulsar timing arrays! (existing data)




Pulsar braking and astrometry regquirements

Vaccel = 10719 Hz/s

DM signal indistinguishable from natural braking of pulsar as a
conseqguence of radiative loss.

y —16
Vbraking "~ 10 HZ/S

=> Need 1o average over pulsars as acceleration is common-mode

out braking rate has a broad distribution.
few kpc length-scale

In addition, analysis needs to correct for proper motion using high-
precision astrometric surveys (e.qg., Gaia).

Stay tuned....




Two hard problems — Two ‘crazy’ ideas

Detect dark matter on Earth

detector:
sectioned
diamond

PMT

Il out
' 2:cti)un
il
R WIMP tracks
in diamond

Measure dark matter in galaxy directly

Galactic Center

Measure stellar
accelerations




+ one not-so crazy idea
Two hard problems — Two ‘crazy’ ideas

Detect dark matter on Earth Measure dark matter in galaxy directly

Galactic Center

detector:
sectioned PMT

diamond G‘a

| Are we in a region of DM
scattering event recoil

>| recol under or over-density?

Ar

Pulsar timing
chirp

Nitrogen vacancy (NV) quantum defect in diamond
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