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Dark Matter

Strong astrophysical evidence for existence of
dark matter (~5 times more dark matter than
ordinary matter)
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Low-mass Spin-0 Dark Matter

* Low-mass spin-0 particles form a coherently oscillating
classical field ¢(t) = @ocos(m,c?t/h), with energy density

<p<p> ~ mgzoqo(%/z (pDM,local ~ 0.4 GeV/cm3)
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Low-mass Spin-0 Dark Matter

Low-mass spin-0 particles form a coherently oscillating
classical field ¢(t) = @ocos(m,c?t/h), with energy density
(Pp) = MG05/2 (PpMIocal = 0.4 GeV/cm?)

Coherently oscillating field, since cold (E, = m¢c2)
AE,/E, ~(v3)/c? ~107°% = Top ~21/AE, ~ 106T g,
Classical field for m,, < 1 eV, since n, (Aqp/21)° > 1

107*'eVsm,s1eV & 107" Hz S fpy S 10" Hz

‘ Tysec ~ 1 month IR frequencies

Lyman-a forest measurements [suppression of structures for L < 0(7\(113,<p)]

[Related figure-of-merit: A4g /2T < Lawarfgalaxy ~ 100 pc = m, = 107%' eV]



Low-mass Spin-0 Dark Matter

Low-mass spin-0 particles form a coherently oscillating
classical field ¢(t) = @ocos(m,c?t/h), with energy density
(Pp) = MG05/2 (PpMIocal = 0.4 GeV/cm?)

Coherently oscillating field, since cold (E, = mcpcz)
AE,/E, ~(v3)/c? ~107°% = Top ~21/AE, ~ 106T g,
Classical field for m,, < 1 eV, since n,,(Aqg,/2m)° > 1

107*'eVsm,Ss1eV & 107" Hz S fpy S 10™* Hz
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Lyman-a forest measurements [suppression of structures for L < O(AdB,(p)]

Wave-like signatures [cf. particle-like signatures of WIMP DM]



Probes of Ultralight Scalar DM

* Recent searches for ultralight scalar DM have focused on

the electromagnetic (photon) and electron couplings

Atomic clocks Optical cavities

e
I AE « Ry = m,a?/2
g < >

Lxag=1/(m,a)

see, e.g., [Stadnik, Flambaum, PRL 114, 161301 (2015); PRL 115, 201301 (2015)] for details
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the electromagnetic (photon) and electron couplings
« What about searching for ultralight scalar DM via its other

couplings (e.q., to muons)?



Muonic Probes of Ultralight Scalar DM

* Recent searches for ultralight scalar DM have focused on

the electromagnetic (photon) and electron couplings

« What about searching for ultralight scalar DM via its other
couplings (e.q., to muons)?

« Possible flavour/generational dependence of scalar

couplings in the lepton sector



Muonic Probes of Ultralight Scalar DM

* Recent searches for ultralight scalar DM have focused on
the electromagnetic (photon) and electron couplings

« What about searching for ultralight scalar DM via its other
couplings (e.q., to muons)?

« Possible flavour/generational dependence of scalar
couplings in the lepton sector

« Extra motivation from persistence of various anomalies in
muon physics, such as:

- Proton radius puzzle

- (9 — 2), puzzle



Muonic Probes of Ultralight Scalar DM

* Recent searches for ultralight scalar DM have focused on
the electromagnetic (photon) and electron couplings
« What about searching for ultralight scalar DM via its other
couplings (e.q., to muons)?
« Possible flavour/generational dependence of scalar
couplings in the lepton sector
« Extra motivation from persistence of various anomalies in
muon physics, such as:
- Proton radius puzzle
- (9 — 2), puzzle
* No stable terrestrial sources of muons (unlike electrons)



Probing Oscillations of m,, with Muonium Spectroscopy
[Stadnik, arXiv:2206.10808]
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Probing Oscillations of m,, with Muonium Spectroscopy
[Stadnik, arXiv:2206.10808]
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Probing Oscillations of m,, with Muonium Spectroscopy
[Stadnik, arXiv:2206.10808]
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Probing Oscillations of m,, with Muonium Spectroscopy
[Stadnik, arXiv:2206.10808]

, _ (pocos(m(pt) _ om,, <p0cos(m¢t)
Liin = — My U= — myup = ~

p° _ Sm, @§cos?(myt) _ p§cos(2m,t)

Lquad = — N2 Tk = T 2 = 2

(Aﬂ) K (AM) (Ali)
Muonium = e~ u* bound state, m, = e~ m (1 —m,/m )
T metmy € el H
Rydberg _ m, o Avis_zs , Ao N Am, L Me Amy,
" 2n? Vis_2s a me my my



Probing Oscillations of m,, with Muonium Spectroscopy
[Stadnik, arXiv:2206.10808]

, _ (pocos(m(pt) _ om,, <p0cos(m¢t)
Liin = — My U= — myup = ~
2 S 2 n2 2
@ _ m,  @yCcos (mq,t) <p0cos(2m<pt)
Lquad = — N2 Tk = T 2 = 2
(Aﬂ) K (AM) (Ali)
Muonium = e~ u* bound state, m,. = e~ m (1 —m,/m )
T metmy € el H
Rydberg mraz AV15_25 Aa Ame mg Am“
En — 2 ~ 2 + +
2n Vig_og « m, my, m,
8m3 ot Av Ao Am, Am
AEFermi m— r ﬁ HFS ~ 4_ + 2 e _ U

SmBmM VHFES (04 me m#



Estimated Sensitivities to Scalar Dark Matter
with @i /A, Coupling

[Stadnik, arXiv:2206.10808]

Up to 7 orders of magnitude improvement possible with existing datasets!

-5 I //
i Astrophysical bounds /
10 -
<

I Muonium (1S-25)
%% h / Muonium (HFS)

| | | | |
=24 =22

-16 -14



Estimated Sensitivities to Scalar Dark Matter
with @2 /(AL)° Coupling

[Stadnik, arXiv:2206.10808]

Up to 8 orders of magnitude improvement possible with existing datasets!
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Probing Scalar-Muon Coupling with Muonium Free-fall
[Stadnik, arXiv:2206.10808]
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Probing Scalar-Muon Coupling with Muonium Free-fall
[Stadnik, arXiv:2206.10808]
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Local value of g measured in free-fall experiments using muonium

would differ from experiments using non-muon-based test masses



Probing Scalar-Muon Coupling with Muonium Free-fall
[Stadnik, arXiv:2206.10808]
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Local value of g measured in free-fall experiments using muonium
would differ from experiments using non-muon-based test masses

Recently started LEMING experiment at the Paul Scherrer Institute

aims to measure g with a precision of Ag/g ~ 0.1 using muonium



Probing Scalar-Muon Coupling with Muonium Free-fall
[Stadnik, arXiv:2206.10808]

Up to 5 orders of magnitude improvement possible with ongoing measurements!
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Summary

* Recent searches for ultralight scalar DM have focused on
the electromagnetic (photon) and electron couplings

« Muonium spectroscopy offers a powerful probe of ultralight
scalar dark matter via interactions with muons leading to
apparent oscillations of muon mass
— With existing datasets, up to ~107 improvement possible
for @au coupling (up to ~108 for the @?iu coupling over an
even broader range of scalar DM masses)

« Ongoing muonium free-fall experiments to measure g offer
up to ~10° improvement in sensitivity for the combination of
ppu and pée couplings by searching for ¢-mediated forces
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Low-mass Spin-0 Dark Matter

* Low-mass spin-0 particles form a coherently oscillating
classical field ¢(t) = @ocos(m,c?t/h), with energy density
<p<p> ~ mgzo(P(%/z (pDM,local ~ 0.4 GeV/cm3)

 Coherently oscillating field, since cold (E, = m¢c2)

* AE,/E, ~(v3)/c?~107¢ = toop~21/AE, ~ 10°T,s,

Evolution of ¢, with time Probability distribution function of ¢,
(e.g., Rayleigh distribution)

Po



Dark-Matter-Induced Variations
of the Fundamental Constants

[Stadnik, Flambaum, PRL 114, 161301 (2015); PRL 115, 201301 (2015)],
[Hees, Minazzoli, Savalle, Stadnik, Wolf, PRD 98, 064051 (2018)]
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Fifth Forces: Linear vs Quadratic Couplings
[Hees, Minazzoli, Savalle, Stadnik, Wolf, PRD 98, 064051 (2018)]

Consider the effect of a massive body (e.g., Earth) on the scalar DM field
Linear couplings (¢XX) Quadratic couplings (¢*XX)

O + m<2p<p = T+Kp Source term O + mfogo = +k'pp Potential term
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Profile outside of a spherical body



Fifth Forces: Linear vs Quadratic Couplings
[Hees, Minazzoli, Savalle, Stadnik, Wolf, PRD 98, 064051 (2018)]

Consider the effect of a massive body (e.g., Earth) on the scalar DM field
Linear couplings (¢XX) Quadratic couplings (¢*XX)

O¢ + mge = tkp Source term O¢ + mge = +i'pp  Potential term
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“Fifth-force” experiments: torsion

i Gradients + lification/ i
pendula, atom interferometry radients + amplification/screening



	Slide Number 1
	Slide Number 131
	Slide Number 132
	Slide Number 133
	Slide Number 148
	Slide Number 169
	Slide Number 170
	Slide Number 172
	Slide Number 173
	Slide Number 174
	Slide Number 300
	Slide Number 301
	Slide Number 302
	Slide Number 303
	Slide Number 304
	Slide Number 305
	Slide Number 306
	Slide Number 307
	Slide Number 308
	Slide Number 309
	Slide Number 310
	Slide Number 311
	Slide Number 312
	Slide Number 313
	Slide Number 314
	Slide Number 315
	Slide Number 452
	Back-Up Slides
	Slide Number 489
	Slide Number 495
	Slide Number 498
	Slide Number 501

