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Theories of Light Scalars

® Moduli, Dilaton, Axions...

® Couples non-derivatively to the Standard Model
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Constraints on Light Scalars

® Mediates new interactions 1n matter

® Generates a fifth force 1n matter
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® Generates Equivalence Principle violation
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Potential Energy

Laght Scalar Dark Matter

® Produced by the misalignment mechanism

scalar field

Frozen when:

Hubble > my



Potential Energy

Laght Scalar Dark Matter

® Produced by the misalignment mechanism

scalar field

Initial conditions set by inflation

Frozen when:

Hubble > my

Oscillates when:

Hubble < m,

pe scales as a3

just like



Potential Energy

Laght Scalar Dark Matter Today

® If my < 0.1 eV, can still be thought of as a scalar field today

Coherent for vyi? ~10° periods

scalar field




Oscillating Fundamental Constants

From the local oscillation of Dark Matter

Ex. for the electron mass:
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Fractional variation set by square root of DM abundance



Laght Scalar Dark Matter Detection

® Detecting Dark Matter with Atomic Clocks

® Detecting Dark Matter with Resonant-Mass Detectors



Keeping the DM time with Atomic
Clocks

with Junwu Huang

and Ken Van Tilburg (2014)



Oscillating Atomic and Nuclear Energy Splittings

® Optical Splittings
AE’optica,l X QZE'Mme ~ eV

® Hyperfine Splittings

AEhyperfine X AEopticalOé2E]\4 (me) -~ 10-6 eV

® Nuclear Splittings

AE (mp, as, agm)~ 1 MeV



Atomic Clocks

® Kept tuned to an atomic energy level splitting

Current definition of a second:
the duration of periods of the radiation
corresponding to the transition between the two hyperfine levels
of the ground state of the atom

® Have shown stability of 1 part in 108

Compared to 1 part in 10!° expected by DM

® Have won several Nobel prizes in the past 20 years


https://en.wikipedia.org/wiki/Hyperfine_levels
https://en.wikipedia.org/wiki/Ground_state
https://en.wikipedia.org/wiki/Caesium

How does and Atomic Clock Work?

Keep a laser tuned to a long-lived (> minutes) atomic transition

laser A laser B
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How do you take the measurements?

laser A N laser B
atom A atoTB@
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® Observe two clocks every teycling
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® Calculate ratio of frequencies taking into account:
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® Take Fourier transform to look for oscillations with period longer
than Teycling



Table of atomic transitions used (or to be used)

%“ = (64 +2) 5;‘55 f:f ~Ca ‘;’Zp
Species Transition A (nm) Short (1?/;{;16) Long (107'%)  (a éa
193Cs [21] hyperfine 3.3-107 2.10° 360 1 2.83
'UHgt [15] 5d'°6s“Sy > 5d”6s” "Dy 282 2.8 19 0 —-3.19
YbT [22] 4f'6s7S; ¢ 4765 °F 7 467 2.0 71 0 —5.30
TAIY [23] 3s* 'Sp ¢+ 3s3p°Po 267 2.8 8.6 0 0.008
*5Srt [24] 55783 ¢+ 4d*Dg 674 16 25 0 0.43
Yb [12] 6s® 'So «» 6s6p *Po 578 0.32 1.6 0 0.31
7Sr [13] 5s° 'Sp «» 5s5p *Po 698 0.34 6.4 0 0.06
"Dy [25] 4f'?5d6s «» 4f75d%6s 4.0-10° 4.0-10° = 0 8.5 - 10°
%Dy [25] 4f?5d°%6s > 4f'°5d6s 1.3- 107 1.3-107 - 0 —26-10°
#9mTh** [26]| nuclear ~ 1.6 -10? ~ 1 ~ 1 - ~ 10°




Table of atomic transitions used (or to be used)

%‘ = (64 +2) 5555 Feale g, 5”:9
Species Transition A (nm) Short (10-15) Long (107'%)  (a éa
199Cs [21] hyperfine 3.3-107 2-10° 360 1 2.83
¥ Hgt [15] 5d'°6s“Sy > 5d”6s” "Dy 282 2.8 19 0 -3.19
Ybt [22) 4f6s7S ¢ 4f76s” °F 7 467 2.0 71 0 —5.30
2TALT [23] 3s* 'Sp ¢+ 3s3p°Po 267 2.8 8.6 0 0.008
®5Srt [24] 55783 ¢+ 4d*Dg 674 16 25 0 0.43
1Yb [12] 6s* 'Sp ¢+ 6s6p “Po 578 0.32 1.6 0 0.31
*"Sr [13] | 58 'So ¢ 5s5p *Po - 698 - 0.34 64 0 0.06
(162D o5] | 4fi%5des ¢s 4f°5d%6s  4.0-10°  40.10° - 0 85-10°%
%Dy [25] | 4°5d%s o 4f'%5d6s  13-10° 1.3 107 - 0  —26- 10°
ZBmTRSF [26]| nuclear T S1e-100 ~1 <1 100

Accidental cancellations in Dysprosium optical transitions
are very sensitive to EM coupling variations




Table of atomic transitions used (or to be used)

Ofa O E M om om

—— = (€a+2) +¢Ca e_CA -

fA OEM my
Species Transition A (nm) Short (10 m) Long (107'%)  (a &A
193Cs [21] hyperfine 3.3-107 2.10° 360 1 2.83
9 Hgt [15] 5d'°6s“Sy > 5d”6s” "Dy 282 2.8 19 0 -3.19
YbT [22) 4f'6s7S; ¢ 4765 °F 7 467 2.0 71 0 —5.30
ALY [23] 3s* 'Sp ¢+ 3s3p°Po 267 2.8 8.6 0 0.008
*5Srt [24] 55783 ¢+ 4d*Dg 674 16 25 0 0.43
Yb [12] 6s® 'So «» 6s6p *Po 578 0.32 1.6 0 0.31
7Sr [13] 55 'Sp ¢ 5s5p *Po 698 0.34 6.4 0 0.06
"Dy [25] 4f'5d6s «» 4f”5d%6s 4.0-10° 4.0-10° = 0 8.5 - 10°
‘“Dy [25] 4f9.)d265 o 4f‘°5d63 1.3-10° 1.3.10° - —2.6-10°

- ngh + [26] [ nuclea.r o - ~16-10° = ~1 o~ 1 o~ ‘
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Thorium nuclear transition cancellations
increase sensitivity to EM coupling and quark mass coupling variations
Not measured yet...



What type of comparisons can we do?

® Hyperfine to Optical transitions

® Sensitive to me, mq, and o5 (less to apm)

® Optical to Optical transitions

® Sensitive to aEm

® Nuclear to Optical transitions

® Sensitive to me, ®EM, Mq, and o



coupling to as relative to gravity

Hyperfine to Optical Transition Comparison
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Hyperfine to Optical Transition Comparison

Current Sensitivity to m. variations

log,ylfs/Hz]
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Reduced sensitivity to variations of the EM coupling



Optical to Optical Comparison

Current sensitivity to agm variations
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The Dysprosium Clock Comparison

Ken Van Tilburg

IR, Ct d the Budk 2015
sensitivity to agm variations and the Budker group (2015)
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Analysis performed with existing data



What are possible future improvements?

® Optical clock improvements by four orders of magnitude
® Using more than one atom

® Using entangled atoms

® The thorium clock under development:



ing to arm relative to gravity

Nuclear to Optical Clock Comparison
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Keeping the DM time with Atomic Clocks

® Several orders of magnitude improvement possible
compared to 5th force and EP violation searches

® Nuclear clocks if ever built will give several orders of magnitude
improvement 1n the reach



The Sound of Dark Matter

with Ken Van Tilburg
and Savas Dimopoulos (2015)



Oscillating interatomic distances

® The Bohr radius changes with DM

B O M Me

® The size of solids changes with DM

® L~ N (¢ me)!
5_L _ ((SQEM X 57716)

L O E M me

For a single atom 8rp~ 10-30 m



The simple harmonic oscillator

of mass M, resonant frequency w and equilibrium length L

00000 1

L

M |:’l + %’l + w? (513 — L)] = Fth + Fext

If the equilibrium size changes with time (with D=x-L):

L=1, (1 + i—L Cos(m¢t))

M [D+ %D+W2D‘ -~ —]\[l.:/+ Fin + Fext



The simple harmonic oscillator

of mass M, resonant frequency w and equilibrium length L

M |:T + %T + w? (517 — L):| = Fin + Fext

If the equilibrium size changes with time (with D=x-L):

L=1, (1 + i—L cos(mwf))

M [D -+ %D -+ UJ2D‘ 2@"’ Ft.ll = Fext.

Driving force from change in the equilibrium position



The Simple Harmonic Oscillator

Dark Matter Driving Force:

FDM — —Mw2LOh

with
o (5aEM N 5m6)
O p M e

Just like a scalar gravitational wave of same strain

Can use resonant-mass detectors
to enhance and measure
the acoustic waves produced the signal




Resonant-Mass Detectors

® In the 1960’s: The Weber Bar

4 \ %
4 ”
"y - - - l\ : ;
. x

® Today: AURIGA, NAUTILUS, MiniGrail

Strain sensitivity h~10-3



Resonant-Mass Detectors

® Resonant frequency set by size and speed of sound in the material

® Can take advantage of higher acoustic modes



Resonant-Mass Detectors

® Ultimate sensitivity limited by thermal noise

n 4T

Improves with higher quality factor object size and (eftective) mass
Jn : mode overlap with DM signal —drops like n

® Can cover frequencies from 1 kHz all the way to 1 GHz



The Sun and The Earth as

Resonant-Mass Detectors

® Earth’s acoustic mode with frequency (20 min)-! and Q~7500

Strain sensitivity h~10-17

® Sun’s acoustic modes with frequency ~1 mHz and Q~1000

® Can potentially use other astrophysical objects

Good only for setting bounds



What can be done with current resonant-mass

detectors?
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® AURIGA: Ten years of data taking available

® Quartz: Experiment by M. Tobar using Q > 10" piezoelectrics

® Farth: Using a single monopole seismic mode observed over several months



What can be done 1n the future?

Need to increase bandwidth

® Dual Mass detectors

® Xylophone

® variations of few percent 1n sound

speed between 4 — 100 K

® Use temperature to scan resonant frequency



The scanning resonant-mass detector

® Use Fabry-Perot cavity to pick up displacement as small as
10-1° m/(Hz) 12

® Change operating temperature between 4-100 K at 2 mK
Increments

® Pick up ALL modes at once: continuous coverage above 10k~



What can be done 1n the future?
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Electron charge or mass coupling relative to Gravity

® Probe even the theoretically biased regime of natural couplings
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What about naturalness?

Electron charge or mass coupling relative to Gravity
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Summary

® Several orders of magnitude improvement in searches for moduli

Dark Matter

® Based on existing and well-established techniques

® There are several more possibilities in particular pushing to
higher frequencies

This 1s only scratching the surface...



The High Energy Frontier




The Length Scales in the Universe

Standard

o Neutrinos ,

Hubble Dark Energy Model Planck

e S
10% 10- 102 1018 10-35

Scale iIn m

80% of the energy scale left to explore



