15th Terascale Detector Workshop 2023

Search for Dark Matter with
Quantum-Inspired Technologies

Present some recent ideas and developments that emerged
from precision experiments taylored to measuring
fundamental constants at the low energy frontier

Stefan Ulmer

@ HHU Diisseldorf / RIKEN
z. 2023 /03 /01

JG6lu

sonannes GUTENBERG
UNIVERSITAT MAINZ




@ BASE — Collaboration

* Mainz: Measurement of the magnetic moment of
the proton, implementation of new technologies.

Bog°
. CERN-AD: Measurement of the magnetic mome

of the antiproton and proton/antiproton g/m ratio

 BASE-STEP: Development of transportable
antiproton traps

* Hannover/PTB: QLEDS-laser cooling project, new
technologies
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Team at CERN, running 24/7 since 2013

Three experiments, 9 institutes, about 30 collaborators, 10 at CERN
C. Smorra et al., EPJ-Special Topics, The BASE Experiment, (2015)
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@@ Properties of Cold Dark Matter

Some precision measurements and their signatures are hypothetically sensitive to €
signatures produced by axion like particles.
* Dark matter density has been estimated to

be at a level of ppy; =~ 0.4GeV/cm3, one
H-atom in 2 cm3

* Dark matter RMS velocity is at vpy, =
300km/s. M31: 2,000,000 ly

* Non-relativistic form of matter, e.g. spin O
bosons oscillating at their Compton
frequencies

2
m‘;lc with @ (t) = L220M

[ ] v =
c Mo

cos 2mvct

LMC: 160,000 Iy
—21
* Massrange 107 “"eV <m, < 1leV SMC: 195,000 ly




@@ Axion Electrodynamics

1

* Lagrange density in presence of axion like particles modifies to 4
a-—-»-

1 1
Lema =§(E-E—B-B)—pelcb +jel-A+§((6ta)2—(Va)z)—zméaz—gaE-B -—)

* Leads to modified Maxwell equations
V-(E—-gaB) = pg
VX(B+gaE)—0,(E —gaB) = jg
VXE+09d:B=0

V-B=0

* |n vacuum, at constant magnetic field, and low mass,
the modified ampere law becomes:

VX(B+gaE)—0,(E —gaB) =jg,

—- VX B =—(g Bd;a)

* In a constant, strong magnetic field B the axions are
sourcing an azimuthal magnetic field that can be
picked up with toroidal detectors.

P. Sikivie, https://arxiv.org/pdf/2003.02206.pdf
P. Sikivie, https://journals.aps.org/prl/abstract/10.1103/PhysRevlLett.51.1415
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@@ In particular

* Scenarios:
Axion Dark Matter WIMP Dark Matter
g ! * Quasi-static regime for A5 > R,
da
102 10 106 1012 VxB= ( _g“WBE)
mass [eV]
* Cavity regime for A;5 = R,,
ppm ~ 0.4GeV/cm® OE, da
+ VxB=2"4(—gq,B)
T on v Wik i)
Mass mg = 107%eV Mwump * Radiation regime for A ;5 < R,
=100 GeV
De Broglie WL Adgg =10 km Az =1071% km oE, da
— 1044 — 10-36 * 0= T ( _gaVYB_)
Occupancy N =10 N =10 at at




* In high-precision Penning trap

experiments, sensitive
superconducting detectors to
record coherent oscillations of
SINGLE PARTICLES are used as
interfaces between particles
and experimentalists.

Usually used to measure
frequencies to derive
fundamental constants, such as
mass ratios and magnetic
moments

@ Single Particle Penning Trap Detectors

Particle Oscillation
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e Devices have a very high sensitivity, are operated in strong magnetlc flelds have geometry that is
sensitive to pickup of magnetic fields sourced by axions. N ==

Parameter Value
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Q value

Rp

500 kHz to 1 MHz
10.000 to 100.000
100MtolG




. . . . J. Devlin et al., (BASE
@@ Constraining Axion/Photon Coupling  wtesten. sysicaimeve

Letters. 126, 041301 (2021). %
e Axions at the right Compton frequency would source a radio-frequency signal that could

be picked up by our single particle detection systems

—gol
* Important feature: cold axions and axion like o5l .
N particles oscillate at their Compton frequencies
NbTi housing—__ 2 : {
Vg = mgycy/h 5 _100} -
Inductor €
g . s
S * In a strong external magnetic field axions can % _1051
enning trap . . . . c
) Be convert into photons via the inverse Primakoff 2
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@@ Axion Searches
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e Our tiny contribution:

ALPS: ¢ ' e Parasitic experiment

OSQAR

Solar 1 T * Not optimized for axion
CAST Ofart detection

* Volume limited

* Magnetic field limited
* Background limited
Bandwidth limited

&
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 Still a lab-device at a cost of
a superconducting magnet
and some adds that make
not more than 100.000,-
and competes with
satellites!
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https://github.com/cajohare/AxionLimits/blob/master/AxionPhoton.ipynb



@@ Frequency Tuning

Cryogenic adjustable capacitance with no loss of Q
developed, at 5 times higher detection sensitivity.
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bandwidth tuner of

° ° i upstream resonator
AQ v upstream resonator
“ 50 MHz - 200 MHz
. ral resonator >
downstream resonator - >
. L - &
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. °

* With a purpose-built experiment we should be
able to improve the sensitivity considerably

magnetometer
array ©

Devlin et al., BASE,

Vo m f(Q) @r
— o 5 Yay VaPalCy * \/ (ry -1, + 7‘1)3/ ZBe bk dennsean Phys. Rev. Lett. 126, 041301
Vo 2 4kpg(T;) : o
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""""" Technologies available to build such an experiment / discussion with IAXO started
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@@ Dark-Matter/Antimatter Interaction

Measure the coupling Lipnt = — (;—at/;y“ys’ 1) between ultralight, pseudoscalar ALP relic dark matter and p
a

Interaction Do we detect sidebands in g-factor resonances?

0.6

BASE 2017: = -2.792 847 3441 (42) 1,
— 0.5

Ao
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P . - - .
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- . . - -40 -20 0 20 40 -
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a- p coupling limits a natural bi-product of precision CPT tests C. Smorra et al., Nature 575, 310 (2019).



@@ Millicharged Dark Matter

* A real qguantum experiment -> observe cyclotron quantum transition rates
of a single trapped proton and set limits on the scattering of MCP’s.

* Benefitial ion trap features: $

* significant isolation of the ions from the environment
* Trap vacuum is of order < 10~ *8mbar (no background scattering)

* low thresholds for the detection of energy deposition, down to
nanoelectronvolt range.

* ijons are charged, and naturally have large cross sections for
scattering with the millicharged particles

existing measurements put new constraints on millicharged dark matter that are
many orders of magnitude beyond previous bounds.




@

proton/antiproton spin state detection experiments

Magnetostatic potential
Oy = —(H_p> - B)
Magnetic Bottle:

2
BZ=Bo+Bz<Zz—%>

* Axial frequency becomes a function of the radial
eigenstate:

Ay, = hv, B, +1 +v_ +1 +g
2 T ammyv, By \\' " 2) v, " 2) T2

* Interesting here: Magnetic bottle of B, = 300000 T/m?
provides and energy resolution of ® 1Hz/peV, can measure
frequencies with 16 mHz resolution (16 neV differential !!!)

* Need this resolution to resolve nuclear magnetic
moments in quantum non-demolition spin state
detection experiments.

o

Continuous Stern Gerlach Effect and Heating Rates

* Energy discrimination via strong magnetic bottles. Most sensitive experiments in this sector are
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@@ Analysis and Results

e Basic idea: Calculate the scattering cross-section for MCP
and target particle, and derive the effective heating rate.

do 2rale?

o~ ;szr'jfel (1 —cosh)*

i — \/zﬁQQOiDH(TQ — Tion) 09
i 4

(mion +mp)> 13,

* lon traps are moveable devices, profile the height
distribution of MCP experiments

P —=

w=v,—v, * Collaboration of HHU-D, RIKEN, Max Planck
Society and PTB, to develop transportable

(Outside) proton and antiproton traps.
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particle Planar realization @
paramagnetic sensor P FINCI p | e:

@.@ Metallic Micro Calorimeters (MMC) DE|ight ‘g5

Paramagnetic sensor: Au:Efsoo;:pm

_~ absorber

<><X’C-SQU'D e Use dM/dT in polarized
paramagnetlc medlum [ / paramagnetic sensors
to SQUID
absorber (5M = 8—M(5T = 8—Mﬂ /

oT T Gy

Au:Er 300 ppm ‘
—— 106 mT / B

v 85mT

- 64 mT .

o stmr thermal link

- 26mT

C superconducting coil

weak thermal link 500 | AuEr 300 ppm.

128mT

/((' 514mT

thermal bath

AT x AM x A A 020 0 5 % 100 150 T ’
(X OC ¢ OC U ’ Injgrse?emi‘;ratatlore 1'[;2 ;:?‘]MO ’ 2$'empe:a0ture ﬁ?mK] v Performance at 6 kev

Magnetization M [A/m]

Specific heat C [10-4 J mol-'K-1]

* Current applications

150 | b) A
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-+ X-ray and y-ray spectroscopy (LYNX) E ool ABpwrm = 1.58eV |
* nuclear and atomic physics (APPA) 3 % e
+ neutrino physics (AMoRE, ECHo) E § s0 | i
+ light dark matter (DELight) E N
* axions (IAXO) 3 °sme  sss 500 502

energy E / keV
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with superfluid Helium as Target

* Scope: Direct dark matter / nuleus scattering at the light WIMP
scale (sub GeV particles)

He — Vacuum
Interface

e Active Volume:

below 20 mK
Superfluid He as active target

Light target / good kinematic matching to LDM / self cleaning /
low background / high impedance to vibrational noise.

Radiopure and compact low background target with strong
suppression of environmental effects.

10! He volume for first phase / later upscaled to 100l.

-
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* Detectors
* Magnetic Micro Calorimeters

cross section o (¢

-
o

B. Krosigk, C. Enss et al., https://arxiv.org/abs/2209.10950
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https://arxiv.org/abs/2209.10950

@ Clocks and other Spectrosco

e Search for ultralight scalar dark matter (DM) with
dilatonic interactions.

Couplings can arise for the dilaton as well as for
moduli and axion-like particles in the presence of
CP violation.

Ultralight dilaton DM acts as a background field
that can cause tiny but coherent oscillations in
Standard Model parameters such as the fine-
structure constant and the proton-electron mass
ratio.

These minute variations can be detected through
precise frequency comparisons of atomic clocks.
Our experiment extends current searches for drifts
in fundamental constants to the well-motivated
high-frequency regime.

R. Oswald et al. PRL 129, 031302 (2022)
O. Tretiak et al. PRL 129, 031301 (2022)
X.Zhang et al. arXiv:2212.04413v1

0IC Experlments
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= Photodetectors for high light power and low noise

= Technigues for strong suppression of frequency noise of lasers

= Low-cost single-frequency fiber lasers

= Low-cost, high-sampling-rate DAQ systems

= New laser cooling procedures for non-standard atomic species (Dy)
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at) = a (1l + depo cos(wt + §))

* Improved limits on the coupling constant d,
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[1] A. Arvanitaki et al., PRD 91, 015015 (2015)

[Dy/Dy] K. Van Tilburg et al., PRL 115, 011802 (2015)
[Rb/Cs] A. Hees et al., PRL 117, 061301 (2016)
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[BACON] Nature 564, 564 (2021)
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@@ summary

* Presented some recent ideas and developments that emerged from precision
experiments taylored to measuring fundamental constants at the low energy frontier.

 Some methods interesting for detectors such as IAXO
(MMC’s and Superconducting resonators).

Cavities

* Complementary methods to particle physics using very
different detection approaches, such as ultra low-noise
traps.

e Consortia partly organized within C-TCFS partly within CDS
(ECHO experiment etc.)

* Perspective to form new consortia to produce productive
synergies to set limits at even higher resolution.
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C@ Coupling

* @ may have scalar interactions with the SM fields

Mass of a nucleus

DM may consist of light bosons. These form a classical field @, which coherently oscillates at their Compton frequency

fc =mge c?/h \V 2Ppm

= (0.873 + 0.084—— H+ 0.043
ny AQCD m s

5 N AAQCD Aﬁ’l Ams
m

mm=(m, +my)/2
( a) o0

» These FCs oscillate as d

How to look for oscillations in the ‘constants’?

monofrequent signals.

X Mp,

 Compare the frequency of systems which have different sensitivities to the FCs:
* Measure f,(t)/f, (t) over long time intervals and perform search for weak near-

* The fundamental constants (FC) may be expectation values of SM fields qD(t) - M oS anct
* The coupling of @ to SM fields may lead to oscillating fundamental constants
Mass of fermions Fine-structure constant Strong-coupling constant
0 ¢ ngﬁ(gs) ¢
me(d)=ms |1 +d,,, — a(p) ~a |l —dya—— (@) ~ a, |1 —
(@) f [ " Mpp | Mpy ’ ’ s Mp)
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