Maglev for Dark Matter

Saarik Kalia

19t Patras Workshop

September 17, 2024

Based on arXiv:2310.18398 and arXiv:2408.15330




Introduction

mHz Hz kHz MHz GHz THz eV keV

% Crab
101 V. nebula
)s/

Jupiter

(o e S S G
o O O O
& b Lk

1010 & O | T
MuDHI

10—11
DRBMIElell - Tokyo-1
_12 DML D EDM oky
10 Reionisation (Witte et al) T LAMPOST

(Caputoetal)
10-13 FUNK
1014 DAMIC YR
10-15 Haloscopes SENSEI

_16 SuperCDMS
10 Black hole DarkSide

10V superradiance
10—18

Kinetic mixing

XENON

URLLAL EURLLLL ERRLLL AL
AT A6 A9 A% A% A2 Ay A0 9 % T 6 5 A& D L A 00 O\’ 0’1 Q’b 0& 05
107707407107 407107107107 A0 10 40 40 10 40740 40 40 AT AR AT AR AT A [Caputo et al., Phys. Rev. D. 104,

Dark photon mass [eV] 095029 (2021)]



Introduction

- Ultralight DM interactions can generate AC magnetic fields:

» Dark photon kinetic mixing

» Axion-photon coupling

» Axion-electron coupling
- Many experiments utilize EM resonances = fom = kHz (mpy = 10712 eV)
» Can use mechanical resonance for lower frequencies

* Mechanical system + sensitive to magnetic fields = magnetic levitation



Outline

» Dark matter candidates

» Magnetic levitation

o Levitated superconductors

> Levitated ferromagnets

» Noise sources

* Sensitivity



Kinetically mixed dark photon

- Massive vector A’#

- Non-relativistic > A’ uniform in space, oscillates with frequency m 4
- Coupled to EM via em?%, A" A,, > effective current J!;z = —em?, A’

» Can source EM fields via Ampere’s Law
V X B — 8tE = Jeﬂ-’



Kinetically mixed dark photon

- Massive vector A’#

- Non-relativistic > A’ uniform in space, oscillates with frequency m 4
- Coupled to EM via em?%, A" A,, > effective current J!;z = —em?, A’

» Can source EM fields via Ampere’s Law

VXB—M:Jeﬂ:

* When Apwm larger than apparatus, E negligible = only B signal



Axionlike particle

- Massive pseudoscalar a (oscillates with mass mg)

“ loN- | a v
Axion-photon coupling gayaE™" F),
> Effective current Jeg = igq.ymgaBo = similar to dark photon

> For levitated superconductor, trap can act as Bg!

> For levitated ferromagnet, magnet can act as By!




Axionlike particle

- Massive pseudoscalar a (oscillates with mass mg)

- Axion-photon coupling gayaf*" Fy,
> Effective current Jeg = igqsymqaBy = similar to dark photon
> For levitated superconductor, trap can act as Bg!

> For levitated ferromagnet, magnet can act as By!

» Axion-electron coupling #2=0,,atbe v 5t
> Causes precession of electron spins

> Effective magnetic field Bge = —42¢Va



Levitated superconductors

AN
' AAOA
LD =
» Jott
K B S
= SR
- " | Bow




Levitated superconductors
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Levitated ferromagnets




Levitated ferromagnets (axion wind)




Ferromagnetic gyroscope

Libration (Compass) Precession (Spin)

IQ=L>S=Nh/2



Ferromagnetic gyroscope

Libration (Compass) Precession (Spin)
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Depends on mpr!




Effect of trapping potential

 Ferromagnet levitated in trapping potential V (x, 1), e.g.

1-|—cos2 0
23

> QOver superconductor V o

o Infreefall V =0

» Resonances and behavior depend on angular trapping Yaa = %82‘/:

> Trapped (Vaa => wr): Only libration, resonances at mpm = /VaaWr

> Gyroscope (Vaa K wr): precession when Voo K mpm <K Wy, resonances at mpm = wr, 1/099Vp¢

Nh
where wr = 57



Noise sources

» Thermal: kicks from gas molecules




Noise sources

» Thermal: kicks from gas molecules

* Imprecision: flux noise = position/angle

» Back-action: current noise - force/torque

[Hofer et al., Phys. Rev. Lett. 131, 043603 (2023)]



Noise sources

- Thermal: kicks from gas molecules 0
10_33;—
» Imprecision: flux noise = position/angle 1o
Ew—ss _
» Back-action: current noise = force/torque £/
: Total (res.) '.'1 |:
_[ === Total (broad.) il
e {Thermzﬂ "1;'
. : Bacl-action (res. '
* If thermal subdominant, coupling trade-off | s )
F —— Tmprecision (res.) H
> Small coupling = resonant detection |---- [mirecision broad.) |
10—39 L . . . L A | .
> Large coupling = broadband detection ’ o .
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Dark photon sensitivity (SC)
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Axion-photon sensitivity (SC)
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Axion-electron sensitivity (ferromagnet)
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Dark photon sensitivity (ferromagnet)
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Axion-photon sensitivity (ferromagnet)
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Conclusion

- Maglev systems can probe ultralight DM with mpym < 10712 eV

* Dark photon or axion-photon coupling source oscillating magnetic fields

> Causes translational motion of levitated superconductor

> Rotational motion of levitated ferromagnet (also sensitive to axion-electron coupling)

 Ferromagnet dynamics affected by trapping potential and mpwu
* Resonant and broadband schemes

» Dedicated setups can be leading laboratory probes of ultralight DM
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Physical considerations

» Vertical displacement:

2
g 3 Hz
/_\z=47T2fz2~3cm-( 7 )

* Maximum magnetic field:

o\ 1/3 p 1/6 £,
Y Y T . —
Bnax ~ ol ~ 80m (lg) (O.Ig/cm?’) (100Hz)

* Pb and Ta have critical fields of ~ 80mT




Sources of dissipation

» (3as collisions:

PA

1/3 3\ 2/3
27T 10_8 HZ P 5 0]' g/Cm (mgas) ].0 mKk
M0gas 107" Pa )\ m p iDa) \" T

* Flux creep: movement of unpinned flux lines in type-Il SC - use type-| SC

~J

 Eddy current damping in nearby conductors = use only SCs and dielectrics



DPDM magnetic field signal
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Noise trade-off

* Imprecision and back-action noise determined by coupling n:

gimp _ 2pS¢¢ ghack _ 2pn° S5

3m2win?|x(w)[? - 3m%wg

* Flux and current noise satisfy uncertainty relation v/SgsSs5 =k > 1

. . LS
- Can define 7= n¢ =22, so that
Spg
- 20 __ 20k _
imp _ 2 —2 Sback — L2
SBE —3m2w0 Ix(w)|™ BB 3m2w§



Noise trade-off (cont.)

If SH'5 a0 < \/sgg’ o (w=0)-Ssk | [or 7tres) > g(broad)] then either:

res) _ 4m~yT
K

> Resonant detection: n(

> Broadband detection: (P2 = | /mwyq

- Otherwise, can choose any 7 > 7 > [ﬁ(bfoad)}z /7j(res)

> Larger 7 is better for higher frequencies



Signal-to-noise ratio

» Coherent:
B2
SNR = totDM
SEB/tint
* Incoherent:
B2 tn
SNR, = —_—DM !
SBB/tcoh tcoh

» Multiple scans:




Bandwidth

- Bandwidth defined by:

)
siot (wO i 7‘“) _ 2519 (wo)

» For resonant coupling,

=4‘/§7T~2w-0.2ﬂz( 7 ) L 5) (10H
KWo 27 - 108 Hz 10 mK K fo

 Total scan takes

S b = AT A r(fc) (27?-10_8Hz) (10mK) ( Af )
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Mechanical susceptibility
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Libration vs. Precession
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Ferromagnet readout




Ferromagnet noise curves
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