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Light Weakly Coupled Bosons

Goal: Solve theoretical problems of the Standard Model
(Strong CP, flavor, hierarchy...)
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How do we find them?
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Light Boson Detection

(1) Local Source

Null result directly relevant. Premium to produce and detect

(2) Cosmic Source
Ultra-light dark matter (<< | eV)
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Where are we?
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7 Progress?
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Where are we?
Cosmological Source

Rational Quadratic{5.2)

Axion Dark Matter
Detect Using suitable Resonator
Oscillating signal, narrow band

(Q ~ 10°)
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CASPEr DMRadio ADMX HAYSTAC Resonators!?




Outline

1. Mossbauer Effect

2. High Frequency Axion Dark Matter
Detection

3. Conclusions
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Outline

1. Mossbauer Effect
2. Setup
3. Backgrounds
4. Sensitivity
5. Synchrotron Light Sources?

6. Conclusions
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Mossbauer Effect

Eo

Excited nuclear state decays via y emission
Can the y be reabsorbed?

Issue: Small nuclear cross-sections
Efficient reabsorption only possible on resonance

Isn’t emitted y at transition energy? Automatically Resonant?
No : Recoiling nucleus takes energy, y outside narrow width
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Mossbauer Effect
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E() — EO

Small enough E,, entire lattice recoils!
Negligible lattice kinetic energy - monochromatic E,

Resonant Reabsorption possible!

Narrow Nuclear Lines => High Sensitivity to energy shifts
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Needs to change nuclear transition energies

Suppressed by small nuclear moments,
electron shielding

Unpolarized nuclear spin => effects average
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Signal from new scalar and tensor
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First order effects irrelevant
Leading Background: Chemical Shift from Casimir
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Experimental Progress

We already have ~100 days of data on disk, using a “~30mCi >’Co source.
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Experimental Progress

We already have ~100 days of data on disk, using a ~30mCi >’Co source.
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Next Steps: Higher Flux Iron Source
Natural Line width in Tantallum
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Angstrom Scale Forces

Top Lattice: Segmented Detector A ___ Differential Absorption Detector B L
Fe-O (Absorber) for (counts after O 16 side) Measurement Goal: (counts after O 18 side)
Differential Isotope Measure (Count A - Count B)

0 16 Side (Pure O 16) 0 18 Side (Pure 18)

Measurements

O 16 Side £
aniong ﬁﬁ W* YA A
- o ¥Wo 0 18 Side

15 A 18 (Pure O 18)

Blue: Iron (Fe)
Red: Oxygen-16 (O 16) Fe 14.4 keV Mossbauer

Green: Oxygen-18 (O 18) gamma rays

Bottom Lattice:

Fe-O with all O FGWW %Fe G
as 016 016016016 016 0 16 016 WM () 15 016
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Fe-57 Blue: Iron (Fe)
(excited state decay) Red: Oxygen-16 (O 16)

Standard Model Estimate ~ 1013 eV
(Dipole shift from Isotope Change x Chemical Shift)

Can we do better?



Angstrom Scale Forces
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Top Lattice: Segmented Detector A Differential Absorption Detector B
Ge-Te (Absorber) for  |(counts after Te 120 side)|  Measurement Goal: | (counts after Te 130 side)
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Grey: Germanium (Ge) Ge Gamma Rays (2 Emission Lines):
Red: Tellurium-120 (Te 120) « 13 keV (~Half of Rays)

Green: Tellurium-130 (Te 130) » 68 keV (~Half of Rays)

Bottom Lattice:
Pure Ge-73
(Source)

Ge-73 .
(excited state decay) Grey: Germanium (Ge)

Two Ge-73 Mossbauer Lines: 13 keV and 68 keV

Differential Measurement with Ge-Te (120) and Ge-Te(130)
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Angstrom Scale Forces

Leading Order Standard Model Background: Shift in Electron Cloud x Nuclear Transition

0 (120),5, = Ge (120) A3 + 120713 0 (130),, = Ge (130) A3 + 130713

0 (120)68 = Ge (120) A@S + 120W68 0 (130)68 = Ge (130) A68 + 130768

0 (120 0 (130
(120), 5 (130) 13 x (13 Ge (120) — 12 Ge (130)) (v68A13 — V13068)

l
o+ (o(2))

Differential Measurement sensitive to new force - suppressed standard model background
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Mossbauer at Synchrotron Source

Well after pulse, state starts to decay
Coherent initial excitation => decays in phase

Decay along forward direction amplified by in phase addition
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Mossbauer at Synchrotron Source

..................... > TRTERERTERRERRRRTRTY =

d
..................... > TEERTETTRTNRRTERTRTY = <l
..................... > TEEREETTRTRNRRTERTRTY =

Send Synchrotron Pulse

Well after pulse, collimated emission
Measure resonant reabsorption as a function of d

Why?
Clean excitation unlike radioactive decay
May enable new class of ultra narrow Mossbauer




High Frequency Axion Dark Matter Detection
(GALILEO)
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RHigh Frequency Resonators

nHz kHz  MHz GHz  10GHZ N

CASPEr DMRadio ADMX HAYSTAC Resonators!?

oscillating axion oscillating electric
field field

Charge sees small
oscillating electric
field

oscillating L’ field
(dark matter)

Detect high frequency oscillating electric field
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(e.g. Lithium Niobate)

Create Optical Cavity with Lithium Niobate - choose length to set resonance frequency

Send light through optical resonator - measure phase shift
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Nonlinear Optics

Detect high frequency oscillating electric field

Crystal with index of refraction with a linear dependence on electric field
(e.g. Lithium Niobate)

Create Optical Cavity with Lithium Niobate - choose length to set resonance frequency

Send light through optical resonator - measure phase shift

- i Phase shift depends on index of refraction -
measures time varying electric field

—

E
Lowest frequency set by absorption length of light (~km)

High frequency cut-off: Nyquist limit, response time of
crystal (> THz)
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Conclusions

1. Important to search broad range of
couplings and frequencies

2. Exciting opportunities combining
nuclear physics + optics
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Local Source
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Monopole Source Spin Sensor

Polarization Rotation
(Spin Sensor)

New opportunities?



Acceleration Search using Atom Interferometers
(MAGIS)
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Monopole Dipole Forces

5¢ = AET

Spin Sensor

T 6 = kaT?

Monopole Sensor

Dipole Source

Accelerometers gain with T
For macroscopic masses, limited by vibration and thermal noise

Use free falling atoms!
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Monopole Dipole Forces

Freely Falling Atom Gradiometer

Atoms are vibrationally decoupled
Operate using magnetically
Insensitive states or atomic

comagnetometer

Dipole Source

Using modern atom optics, can get
atoms to bounce

Can obtain T ~ 1 s (or more)

Axion range ~ 10 cm - set by size of atom cloud

gegn ~ 107°° — 1077
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New Opportunities

Local Source
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Photon Polarization Search
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Setup
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5¢ = OkL
Want large L

Trap light in Fabry Perot cavity, compare phase shift
between left and right circularly polarized light
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Experimental Realization

ggb\if\If

Independent of frequency - can realize in optical or superconducting RF
Optical: Smaller mirrors, lower F

RF: Large mirrors, high F
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Systematics

Issues

Cavity Length Fluctuations -
phase shift depends on
frequency

Strain in mirror induces phase -
scales with F but not L

56 = Fokl — P20 —

fo T UN,

Handles

Use two different frequencies - differential measurement retains signal
Modulate L, but fix F - mirror strain remains same, signal changes

Modulate orientation relative to source or distance
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RE Cavity

Q~101 L~1m,
Mass ~ 100 kg

Optical Cavity

I ~400, L ~10 m,
1064 nm light
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a nucleus of charge Z - assuming this is a
uniform ball of charge Z
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From this, find the effective contribution
per proton/nucleon
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From this, find the effective contribution
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Dimensionless coupling to Nucleons
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From this, find the effective contribution
per proton/nucleon

Dimensionless coupling to Nucleons

Field Created by Attractor
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Numbers - take Gold attractor
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Sensitivity

Conversion to the alpha - lambda plot

mem
P
T Ty
GeV
N —
g

(1.2 x 101 GeV)’
AT F;

(X)) —

Plugging in with the values for Gold and fr we found in the previous slide, we get

ax ~ 2 x 10 at 100 nm



Mossbauer at Synchrotron Source
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Mossbauer at Synchrotron Source

Ey
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Synchrotron
Light All the nuclei

Ground State are coherently
Nucleus driven to
excited state

Short Pulse << Lifetime of State



Bosonic Dark Matter

Photons Dark Bosons
Early Universe: Today:
Misalignment Mechanism Random Field
V
2
'Y
a
E = Ejcos (wt — wx)
Dete.ct Photon by. a(t) ~ ag cos (Mmgt) Correlation length
measuring time varying ~ 1/(ma v)
field Spatially uniform, oscillating field

Coherence Time

~ | s (MHz/m,)

Detect effects of oscillating dark matter field

Resonance possible. Q ~ 106 (set by v ~ 10-3)



