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1. Long intro. Variety of experimental activity around the world. 

2. Benchmarks for MeV-GeV new physics. Is similar work possible for 
ultra-light physics? 

3. Proposed models for ultra-light New Physics.

4. Outlook
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Motivations for new physics
1. Precision cosmology: 6 parameter model (L-CDM) correctly 

describes statistics of 106 CMB patches. 
Existence of dark matter and dark energy.
Strong evidence for inflation.

2. Neutrino masses and mixing: Give us a clue [perhaps] that 
there are new matter fields beyond SM. 
Some of them are not charged under SM, and 
can lead to lepton number violation.

3. Theoretical puzzles: Strong CP problem, vacuum stability, hints 
on unification, smallness of mh relative to 
highest scales (GUT, MPlanck)

4. “Anomalous results”: muon g-2, B-physics anomalies, SBN 
neutrino anomalies, Hubble constant tension etc. 

  



4

Standard Model Lagrangian includes all terms of canonical dimension 4 and less, 
consistent with three generations of quarks and leptons and the 
SU(3)*SU(2)*U(1) gauge structure at classical and quantum levels. 

SM as an Effective Field Theory

= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) +

Neutrino mass operators (e.g. effective Dim=5)

+(W.coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

all lowest dimension portals (ASM, ySM,  H, ADS, yDS,  HDS) ×
portal couplings

+ dark sector interactions (ADS, yDS,  HDS)

SM -- Standard Model

DS – Dark Sector or FIPs

L2020s = m
2
H
H

†
SMHSM + all dim 4 terms(ASM, SM, HSM)

neutrino mass terms/e↵ective dim 5 operators
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How to look for New Physics ? 

1. High energy colliders.   

2. Precision measurements (especially when a symmetry is broken)

3. Intensity frontier experiments where abnormal to SM appearance or 
disappearence can be searched.

4. DM searches Atoms + DM à visible energy

(Magnetized cavity + axion à EM radiation)

All four strategies are being actively pursued by particle physics 
community. 

First step in calculating loop integrals
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PBC benchmarks for MeV - MW window
Benchmark Cases (PBC, 2018)
PBC – “Physics Beyond Colliders”
1. Dark photon
2. Dark photon + light dark matter
3. Millicharged particles
4. Singlet scalar mixed with Higgs
5. Quartic-dominated singlet scalar
6. HNL, e-flavour dominance
7. HNL, µ-flavour dominance
8. HNL, t-flavour dominance
9. ALPs, coupling to photons
10. ALPs, coupling to fermion
11. ALPs, coupling to gluons
……

Experimental proposals, mostly CERN

§ SHiP Beam Dump
§ NA62+ Flavour, possible BD
§ FASER LHC add-on
§ MATHUSLA         large LHC add-on
§ Codex-B LHC add-on
§ MilliQan LHC add-on
§ NA64 missing momentum
§ KLEVER flavour
§ REDTOP                       fixed target
§ IAXO                           axion exp
§ ALPs-II axion exp
§ ……..

PBC benchmarks help to focus efforts on new of sub-EW New 
Physics, and helps to compare sensitivity of existing and proposed 
experiments
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Ultra-light fields (ULFs) offer additional signatures: coherent forces 
(e.g. correction to Newton/Einstein gravity) due to f exchange, non-
trivial evolution of f in time, and as a consequence e.g. a(f(t)), 
breaking of spatial anisotropy by ▽f (x) etc. 

§ Precision cosmology (and astrophysics)
§ Cavity searches of axions and dark photons
§ Precision tests of gravitational interaction and equivalence principle
§ Precision spectroscopy, clock comparison and search of “changing 

couplings” 
§ Search of “Lorentz violation” and preferred direction in Hughes-

Drever type experiments.
§ Search of CPT violation in experiments with antimatter. 

Experimental probes of ultra-light [sub-eV] 
fields
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§ Time-dependent dark energy

§ Ultra-light dark matter

Cosmology constrains evolving scalar fields

1 Astrophysical Searches and Constraints on Ultralight Bosonic Dark Matter 21
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Fig. 5 Summary of gravitational constraints (shaded) on UBDM, and forecasts (open) for upcoming surveys. Constraints assume
a real scalar with potential + (q) = <

2
q

2/2, see text for clarification on generalizing the bounds. CMB: cosmic microwave
background [22, 85], PTA: pulsar timing array [32], BHSR: black hole superradiance [75], Ly-a: lyman alpha forest [86, 87].
SKA-IM: Square Kilometer Array intensity mapping [25]. Adapted from Ref. [88].

all UBDM, particularly if they come from non-relativistic e�ects where model dependence is less important.
In addition to the e�ects discussed in detail, we also show projections for the measurement of pulsar timing
arrays (PTA) with the Square Kilometer Array [32]. Current bounds from this technique [33] are not yet at the
O(1) level for ⌦UBDM, and so do not appear.

3 Axion compact objects

ALP UBDM can form two di�erent types of gravitationally bound objects which are distinct from ordinary
DM galactic halos. These objects, miniclusters and axion stars, are interesting phenomenologically since they
are far denser than galactic halos. They can thus have observational e�ects as sources of enhanced DM decay
and conversion, gravitational lensing, or in direct detection if they happen to pass through the Earth.

3.1 Axion stars

There exist several classes of (pseudo-)solitonic solutions to the Einstein-Klein-Gordon equations. These
solutions go by many names, and have been discovered and re-discovered many times. They date back to
Wheeler’s idea of a “geon”: a wave confined to a finite region by gravity, thus mimicking a lump of matter.
Ru�nni and Bonnazola [89] found explicit “boson stars” as time-independent fixed particle number state
solutions for a complex scalar field coupled to general relativity: these are true solitons, stabilised by the
existence of the conserved U(1) scalar field charge. Solutions also exist for a real scalar field. However, in this
case there is no conserved charge and instead the solutions have a time-dependent metric, and are known as
“oscillatons” [90]. We could continue with the soliton bestiary for some time, but instead we will focus on the
most well-motivated class of these objects: axion stars.14

First, consider the fully relativistic case. We are interested in time-dependent solutions for a scalar field
coupled to general relativity. A public code is GRC����� [91].15 Like all stars, axion stars are stabilised by
a balance between attraction (gravity, and axion quartic self-interactions) and repulsion (gradient pressure,

14 To continue the bestiary just a little further, solutions are named for all scalar fields: inflaton stars, moduli stars, Higgs stars, etc.
15 http://www.grchombo.org/

From Marsh and Hoof, 2021

• Cosmology puts strong limits on ultra-light evolving 
scalar/vector fields, by constraining the equation of 
state for dark energy (DE). So far DE shows 
consistency with L [and w will be tested to O(1%) 
level], but given other internal tensions (H0 and s8) 
modifications by ultra-light fields are still a possibility.

• Ultralight & very weakly interacting 
fields can still be constrained in 
astrophysics and cosmology, as their 
clustering properties differ from 
“WIMP-style” DM. In certain mass 
range, ULFs can extract angular 
momentum from BH via super-radiance. 
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§ Tests of gravitational forces, on the ground,

§ and in space

ULF can modify gravitational interactions

Excluded by 
experiment

Kapner’07

Geraci’08

Chen’16

Lamoreaux’97

Decca’05

Lee’20

Figure 5: Adapted from Ref. [338]. Background free sensitivity projections to Yukawa-type
deviations of the form V (r) = GNm1m2

r
[1 + ↵ exp (�r/�)] from Newton’s law for example

optically levitated masses. Existing limits are denoted by the blue region [272,339–344], with
allowed theory regions in a selection of models denoted in red and green [344]. The black
dashed line shows the projected sensitivity for a 20 µm diameter sphere at the best currently
demonstrated sensitivity for a sphere of this size [345] for a 105 s integration, assuming no
backgrounds. The black dotted line shows the corresponding sensitivity at the Standard
Quantum Limit. The red dashed/dotted lines show the current/future sensitivity possible
for a nanosphere with diameter of 300 nm [346]. The green dotted line shows the projected
sensitivity for a matter wave interferometer employing 13 nm diameter spheres [347].

of existing constraints [350,351].

Gravitational waves The extreme force sensitivity made possible by optical levitation
lends itself to the search for weak astrophysical signals, including feeble strain signals from
Gravitational waves or impulses from passing Dark Matter. One of the most interesting
sources of Gravitational waves in the high-frequency regime arises from physics Beyond
the Standard Model. The QCD axion is a well-motivated dark matter candidate that
naturally solves the strong CP problem in strong interactions and explains the smallness
of the neutron’s electric dipole moment [352–355]. The Compton wavelength of the QCD
axion with axion decay constant fa ⇠ 1016 GeV (at the Grand-Unified-Theory [GUT] energy
scale) matches the size of stellar mass BHs and allows for the axion to bind with the BH
“nucleus,” forming a gravitational atom in the sky. A cloud of axions grows exponentially
around the BH, extracting energy and angular momentum from the BH [356, 357]. Axions
in this cloud produce gravitational radiation through annihilations of axions into gravitons.
For annihilations, the frequency of the produced GWs is given by twice the mass of the
axion: f = 145 kHz, which lies in the optimal sensitivity range for optically leviated sensors
when fa is around the GUT scale. The signal is coherent, monochromatic, long-lived, and
thus completely di↵erent from all ordinary astrophysical sources. The fraction of the BH
mass the axion cloud carries can be as high as 10�3 [357], leading to strain signals detectable
within the sensitivity band of optically levitated sensors [358].

27

Moore and Geraci, 2021
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Dhuicque,3 Pierre Fayet,9 Bernard Foulon,3 Pierre-Yves Guidotti,4, ⇤⇤ Daniel Hagedorn,10 Emilie Hardy,3
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The MICROSCOPE mission was designed to test the Weak Equivalence Principle (WEP), stating
the equality between the inertial and the gravitational masses, with a precision of 10�15 in terms
of the Eötvös ratio ⌘. Its experimental test consisted of comparing the accelerations undergone
by two collocated test masses of di↵erent compositions as they orbited the Earth, by measuring
the electrostatic forces required to keep them in equilibrium. This was done with ultra-sensitive
di↵erential electrostatic accelerometers onboard a drag-free satellite. The mission lasted two and
a half years, cumulating five-months-worth of science free-fall data, two thirds with a pair of test
masses of di↵erent compositions – Titanium and Platinum alloys – and the last third with a reference
pair of test masses of the same composition – Platinum. We summarize the data analysis, with an
emphasis on the characterization of the systematic uncertainties due to thermal instabilities and
on the correction of short-lived events which could mimic a WEP violation signal. We found no
violation of the WEP, with the Eötvös parameter of the Titanium and Platinum pair constrained
to ⌘(Ti,Pt) = [�1.5± 2.3 (stat)± 1.5 (syst)] ⇥ 10�15 at 1� in statistical errors.

PACS numbers: 04.50.Kd, 07.87.+v, 04.80.Cc
Keywords: Experimental test of gravitational theories

General Relativity (GR) o↵ers a remarkable descrip-
tion of gravitational interactions, successfully tested in
the anomalous precession of the perihelion of Mercury,
the bending of light in a gravitational field, the gravita-
tional redshift, the Shapiro time delay and the change in
the periods of binary pulsars from the emission of grav-
itational waves [1–10]. Gravitational waves from the co-
alescence of neutron stars and very massive black holes
have been observed recently, providing evidence for the
existence of black holes and ruling out many beyond-GR

models [11–19].
A building block of general relativity is the Equiva-

lence Principle (EP), according to which all bodies fall
in the same way in a gravitational field when no other
forces are acting on them, independently of their masses
and internal constitutions. First observed by Galileo and
Newton and tested by Eötvös et al. at the 5⇥ 10�9 level
[20], the universality of free fall was elevated to a princi-
ple by Einstein, the weak equivalence principle (WEP),
taken as a cornerstone of general relativity [21].
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1ONERA, Université Paris Saclay, F-91123 Palaiseau, France
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Université PSL, CNRS, Sorbonne Université, Université de Paris,
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• New technologies are emerging: atomic 
interferometry; levitated microspheres. Allows to 
probe gravity at shorter distances  

• Gravity Probe B, and especially 
MICROSCOPE have shown how 
much sensitivity can be gained in 
space. Future missions may perfect 
tests of GR, and have a new 
breakthrough sensitivity to ULFs.
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§ Ever more precise clocks/ atomic interferometry.

§ Tests of constancy of couplings.

Breakthroughs in AMO à constraints on 
changing couplings

62 | Nature | Vol 588 | 3 December 2020

Article

accuracy on α by a factor of 2.5 over the previous caesium recoil meas-
urement3 but, most notably, it reveals a 5.4σ difference from this latest 
measurement.

We built a dedicated experimental setup and implemented robust 
methods to control systematic effects. By accelerating atoms up to 
6 m s−1 in 6 ms and using typical two-photon Raman transitions as beam 
splitters for the matter waves, we obtained a relative sensitivity on 
the recoil velocity of 0.6 ppb in 1 h of integration (0.3 ppb on α). This 
sensitivity is more than three times better than that obtained using 
the best atom interferometer based on multi-photon beam splitters3, 
although the latter technique is expected to provide a substantial gain 
in sensitivity with respect to Raman transitions15,16.

The unprecedented sensitivity of our atom interferometer enables us 
to experimentally evaluate and mitigate several systematic biases. We 
recorded data with different experimental parameters, reinforcing the 
overall confidence of our error budget. We also implemented a Monte 
Carlo simulation that includes both the Ramsey–Bordé atom interfer-
ometer and the Bloch oscillations process. This code models precisely 
the underlying physics of our interferometer and provides an accurate 
evaluation of systematic effects, consistent with experimental results.

Experiment
Our experimental method is illustrated in Fig. 2. The basic tools of our 
experiment are Bloch oscillations in an accelerated optical lattice, 
which enable the coherent transfer of a precise number of photon 
momenta to the atoms (typically 1,000ħk), and a matter-wave inter-
ferometer that measures the phase shift due to the change in velocity 
of the atoms. As in the optical domain, atom interferometry needs 
tools to split and recombine atomic wave packets; this is accomplished 
by a sequence of light pulses. The probability of detecting atoms in a 
given internal state at the output of the interferometer is a sinusoidal 
function of the accumulated phase difference along the two paths. 
Thus, the measurement of atomic populations enables the evalua-
tion of the phase shift. Using the combination of the Ramsey–Bordé 
interferometer configuration and Bloch oscillations, the phase shift 
is proportional to the ratio h/m (ref. 17).

We produce a cold rubidium sample using an optical molasses in 
the main chamber. Then, atoms are transported to the interferom-
etry area, a 70-cm-long tube surrounded by a two-layer magnetic 

shield. The magnetic field is controlled to within 50 nT. To that end, 
we use an atomic elevator based on two Bloch oscillation pulses 
(acceleration/deceleration)17. These are performed using two vertical 
counter-propagating laser beams, the frequency difference of which is 
swept to create an accelerated standing wave. Atomic trajectories are 
precisely adjusted by controlling this frequency difference. Between 
the two Bloch oscillation pulses of the elevator, we apply two Raman 
pulses to prepare atoms in a well defined atomic internal state (see 
Fig. 2b). Raman transitions occur between the two hyperfine levels 
of the ground state of the rubidium atom and are also implemented 
using two vertical counter-propagating laser beams (with wave vectors 
k1 = −k2 and kR = k1 ≈ k2). Their frequency difference ωR is controlled to 
compensate precisely the Doppler shift induced by the accelerations 
of the atoms.

The atom interferometer is illustrated in Fig. 2c. It is implemented 
with two pairs of π/2 Raman pulses. Each pulse acts as a beam splitter by 
transferring a momentum of 2ħkR to an atom with a probability of 50%. 
The first pair creates a coherent superposition of two spatially sepa-
rated wave packets in the same internal state with the same momentum. 
The second pair recombines the two wave packets. Between the second 
and third π/2 pulses, a Bloch oscillation pulse transfers a momentum 
of 2NBħkB to both wave packets, where NB is the number of Bloch oscil-
lations. The overall phase Φ of the interferometer is given by

Φ T ε k ε
N ħk

m
gT δω φ= 2

2
− − + , (2)R R R B

B B
R LS





















where TR is the time between the π/2 pulses of each pair, T is the time 
between the first and the third π/2 pulses, g is the gravitational accelera-
tion, φLS represents the phase corresponding to parasitic atomic level 
shifts and δωR is the difference of the Raman frequencies between the 
first and the third π/2 pulses. εR and εB determine the orientation of 
Raman and Bloch lasers wave vectors, respectively.

The fluorescence signal collected in the detection zone gives the 
number of atoms in each atomic level at the output of the interferom-
eter. Atomic fringes are obtained by measuring the fraction of atoms in 
a given internal state for varying δωR. Using a mean-square adjustment, 
we calculate δωR,0, the frequency for which Φ = 0. Gravity is cancelled 
between upward (εB = 1) and downward (εB = −1) acceleration (see Fig. 2). 
Constant level shifts φLS are mitigated by inverting the direction of the 
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Fig. 1 | Precision measurements of the fine-structure constant. Comparison 
of most precise determinations of the fine-structure constant so far. The red 
points are from ge − 2 measurements and QED calculations, and the green and 
blue points are obtained from measurements of caesium and rubidium atomic 

recoils, respectively. Errors bars correspond to ±1σ uncertainty. Previous data 
are from ref. 34 (Washington 1987), ref. 10 (Stanford 2002), ref. 18 (LKB 2011),  
ref. 9 (Harvard 2008), ref. 2 (RIKEN 2019) and ref. 3 (Berkeley 2018). Inset, 
magnification of the most accurate values of the fine-structure constant.

Morel et al, 2020

variation of α only. Ratios of electronic to hyperfine
transition frequencies are sensitive to variations of α, μ,
and Xq. So-called absolute frequencies of optical frequency
standards measured with reference to caesium clocks and
expressed in the unit Hz of the international system of units
(SI) can easily be converted into this type of ratio by
dividing the frequency by the conventional value of the
133Cs ground state hyperfine transition frequency of 9 192
631 770 Hz. Allowing for variations of α, μ, and Xq, the
relative change of a frequency ratio R ¼ f=fH is given by

1

R
dR
dt

¼ ðK − KH − 2Þ 1
α
dα
dt

þ 1

μ
dμ
dt

− κ
1

Xq

dXq

dt
; ð3Þ

where the sensitivity factors K and κ are determined by

K ¼ 1

F
dF
dα

ð4Þ

and

κ ¼ 1

G
dG
dXq

ð5Þ

and can be obtained from atomic and nuclear structure
calculations [20,33,34]. A search for variations of α and μ
with caesium clocks benefits from the finding that the
sensitivity of the 133Cs ground state hyperfine frequency to
variations of the quark masses is much smaller than to
variations of α and μ: For 133Cs, κðCsÞ ¼ 0.002 [34] and
KHðCsÞ ¼ 0.83 [33].
Table 1 summarizes the limits on temporal variations of

absolute frequencies for the four optical transitions for
which the most precise data are available, including the two
171Ybþ transitions investigated in this experiment. Using
this data a linear regression of ð1=RÞdR=dt as a function of
K − KHðCsÞ − 2 can be performed, yielding ð1=αÞdα=dt
as the slope (see Fig. 2). The value of ð1=μÞdμ=dt can be
obtained from the intercept, after subtracting a small
contribution for a possible variation of the quark masses,
for which we use the result

κðCsÞ 1

Xq

dXq

dt
¼ 0.14ð9Þ × 10−16=yr ð6Þ

that has been inferred from a comparison of the 87Rb and
133Cs hyperfine frequencies [15].
The result for the data in Table 1 is

1

α
dα
dt

¼ −0.22ð59Þ × 10−16=yr ð7Þ

1

μ
dμ
dt

¼ −0.5ð2.4Þ × 10−16=yr ð8Þ

and is consistent with the constancy of these constants.
Combining these results with other stringent limits on

ð1=αÞdα=dt obtained from comparisons of transition
frequencies in Alþ and Hgþ [14] and in Dy [36] constrains
ð1=μÞdμ=dt further. Figure 3 shows limits obtained
from individual experiments as stripes marking the 1σ-
uncertainty ranges in the (dα=dt, dμ=dt) plane. The small
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FIG. 2. Relative temporal changes of ratios R between optical
transition frequencies and the 133Cs ground state hyperfine
transition frequency, versus the sensitivity of the respective
combination of transitions to changes of α (see Table 1). The
solid line is the result of a weighted linear regression. A nonzero
slope of this line would indicate a variation of α, while the
intercept is predominantly determined by a variation of μ.

TABLE I. Experimental limits on temporal variations of optical
atomic transition frequencies relative to Cs clocks. The sensitivity
factors K to changes of α are taken from Ref. [20].

Atom, transition K ð1=RÞdR=dt (10−16=yr) Reference
87Sr, 1S0 → 3P0 0.062 −3.3% 3.0 [32]
171Ybþ, 2S1=2 → 2D3=2 1.0 0.5% 1.9 [18]
171Ybþ, 2S1=2 → 2F7=2 −6.0 0.2% 4.1 this work
199Hgþ, 2S1=2 → 2D5=2 −2.9 3.7% 3.9 [35]
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FIG. 3 (color online). Constraints on temporal variations of α
and μ from comparisons of atomic transition frequencies from
Refs. [14,18,32,35,36] and this work. Filled stripes mark the 1σ-
uncertainty regions of individual measurements and the central
blank region is bounded by the standard uncertainty ellipse
resulting from the combination of all data.
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• New results in recent years on precision 
spectroscopy allows to refine values of SM 
couplings, including aEM and proton charge radius.

• Progress with clocks translates to probes ULF 
models that renormalize couplings and evolve in 
time (drift, oscillate, experience transient shift). 
Precision results on the ground can be compared to 
distant (z~1) absorption lines (Flambaum et al). 
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§ Search of anisotropy/ Lorentz-violation in the Hughes-Drever type 
experiments.

§ Experiments with antiparticles.

Precision magnetometry, tests of CPT

LETTER RESEARCH

frequency because of a hardware failure in an early block of four trials; 
extra trials were added to compensate for the excluded data.

To examine the general features of the measurement results, we plot 
(Fig. 3a) the four datasets on one graph by using a simple scaling. The 
points at zero (on-resonance) and −200-kHz detuning (at which no 
signal is expected7), repeated for each set, are used for the scaling. For 
the laser exposure (‘appearance’) data, we define a scaled response at 
detuning D within each set: rl(D) = L(D)/L(0). Similarly, for the sur-
viving population (‘disappearance’ data), we use rs(D) = [S(−200 kHz) 
− S(D)]/[S(−200 kHz) − S(0)]. The uncertainties shown are due to 
Poissonian counting errors only. For comparison, we also plot the 
results of a simulation19 based on the expected behaviour of hydrogen 
in our trap for a cavity power of 1 W, scaled to the zero-detuning data 
point. We see that the peak position and the width of the scaled spec-
tral line are consistent with the calculation for hydrogen and that the 
experiment generally reproduces the predicted asymmetric line shape. 
There is also good agreement between the appearance and disappear-
ance data (Fig. 3a).

The simulation involves propagating the trapped atoms in an accu-
rate model of the magnetic trap. When an atom crosses the laser 
beam, which has a waist of 200 µm at the cavity centre, we calculate 
the two-photon excitation probability, taking into account transit-time 
broadening, the a.c. Stark shift and the residual Zeeman effect. The sim-
ulation determines whether excited atoms are lost owing to ionization 
or to a spin-flip event. The variable input parameters for the simulation 
are the cavity power and the laser frequency. The modelled response is 
asymmetric in frequency owing to the residual Zeeman effect19. The 
width of the line, for our experimental parameters, is dominated by 
transit-time broadening, which contributes about 50 kHz full-width 
at half-maximum (FWHM) at 243 nm. For 1 W of cavity power, the 
a.c. Stark shift is about 2.5 kHz to higher frequency and the ionization 
contributes about 2 kHz to the natural line width.

To make a more quantitative comparison of the experimental results 
with the expectations for hydrogen, it is necessary to scrutinize differ-
ences between the four datasets. The overall response should be linear 
in the number of atoms addressed, so it is possible to normalize for this. 
However, the line width depends on the stored power in the cavity, as 
does the frequency of the peak (Fig. 3b). The cavity power is difficult 
to measure in our geometry because the amount of transmitted light 
depends sensitively on the small transmission from the output coupler 
(about 0.05%) and on absorption in the optical elements through which 
the transmitted light exits (Fig. 1). We observe that the transmitted 
power can degrade, owing to accumulated ultraviolet damage to the 
window and mirror substrate, whereas the finesse of the cavity does 
not change.

A modelling approach that self-consistently accounts for fluctuations 
in experimental parameters is a simultaneous fit in which we allow the 
four sets to have distinct powers (P1–4), but the same frequency shift 
with respect to the hydrogen calculation (Methods). We require that 
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• Search of preferred directions (caused e.g. by a 
gradient of the scalar field) has reach the level of
sensitivity ~ 10-33 GeV for the energy associated 
with anisotropic shift. (Brown et al, 2010)

• ALPHA collaboration at CERN has performed precision 
measurements of atomic transitions in anti-hydrogen, 
complementing existing sensitive searches in Kaon and 
B-meson systems, as well as p-anti-p. Next frontier –
gravitational universality of antimatter. Challenge for 
theorists: is there a well-motivated physics (in ULF 
context or otherwise) that can lead to apparent CPT 
violation AND not being tested with ordinary matter?



Possible Interactions
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Let us call by f, f1, f2, … - ultra-light scalar fields. (Perhaps evolving on 
cosmic scales, or perhaps oscillating around a minimum – contributing to 
the Wmatter). Let us represent SM field by an electron, and a nucleon. 

Interactions can be organized as “portals”:  coeff × OdarkOSM. 

4

from false positives induced by occasional abrupt changes
of magnetometer-operation conditions, e.g., magnetic-
field spikes, laser-light-mode jumps, etc. A global net-
work of synchronized optical magnetometers is an attrac-
tive tool to search for galactic/cosmological domain walls,
as it would allow for e⌅cient vetoes of false domain-wall
crossing events.

Ideally, one would require n ⇤ 5 magnetometer sta-
tions in such a network. The di⇥erence in timing ti of a
putative signal is related to the transverse velocity and
the unit normal vector to the wall, n, ti� tj = Lij ·nv�1

⇤ ,
where Lij are the three-vectors of the relative positions
of magnetometers i and j. Four stations are required to
specify magnetometer-defined 3D system of coordinates,
and three time intervals between four ti will enable to
unambiguously determine the three-vector nv�1

⇤ . This
makes the predictions for the timing of the event at the
fifth station, t5, which can be used as a tool for reject-
ing accidental backgrounds. Consider a network of simi-
lar magnetometers with fast response time separated by
distances of O(300 km) operating during a long period
T ⌅ yr. Suppose that ⇥ is an average time between
accidental spikes in the background above certain value
B0

e� that cannot be distinguished from the signal. Then
the probability of having four events in four di⇥erent sta-
tions within time intervals corresponding to the typical
wall travel time from station to station, ttrav ⌅ L/v ⌅ s,
is P1234 ⌅ T t3trav⇥

�4, where we take T ⇧ ⇥ ⇧ ttrav.
To have this probability below one, one should achieve
⇥ > 100 s. If indeed four accidental background spikes
lead to false signals in four stations within ttrav, the do-
main wall interpretation will predict the event in the
fifth station within a narrow window of the wall cross-
ing �t ⌅ ms, and the probability of this to happen due
to accidental background is P12345 ⌅ (�t/⇥)P1234, or less
than 10�5 for ⇥ ⌅ 100 s. Increasing the number of sta-
tions will enable to search for weaker signal B0

e� , and
tolerate shorter ⇥ [13].

Recently we set up a prototype for the magnetome-
ter network consisting of two magnetometers operated in
magnetically shielded environments located in Kraków,
Poland and Berkeley, USA (a separation distance of
about 9000 km). One of the magnetometers (Kraków) is
based on nonlinear magneto-optical rotation [14], while

the other magnetometer (Berkeley) is a SERF device
[15]. The magnetometers achieved comparable sensitivi-
ties of 10 fT/Hz1/2, which can be further improved upon
optimization. The expected parameters of the signal,
�t ⌅ 1 ms and the minimum time-separation between
the events �ttrav ⌅ 30 s, can be precisely determined us-
ing a GPS time source (for more details see Ref. [16]). We
have recently performed proof-of-principle experiments
[16] demonstrating the ability to correlate the signals of
two magnetometers. In particular, we demonstrated sig-
nificant reduction of noise and rejection of false-positive
events present in magnetometer signals. The measure-
ments proved the feasibility of correlated magnetic-field
measurements opening avenues for further investigations
involving more magnetometers.
Summary. We have shown that a network of mod-

ern magnetometers o⇥ers a realistic chance for detecting
the event of an axion-type domain-wall crossing and can
probe parts of the parameter space where such walls can
contribute significantly to dark matter/dark energy.

�µ⇤

fa

�

SM particles

c⇥⌅̄�µ�5⌅ axionic portal

⇤

M⇥

�

SM particles

c(s)⇥ m⇥⌅̄⌅ scalar portal

⇤2
1 + ⇤2

2

M2
⇥

�

SM particles

c(2s)⇥ m⇥⌅̄⌅ quadratic scalar portal

⇤1�µ⇤2

M2
⇥

�
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1. Can we use a similar to PBC strategy and highlight a set of ULF 
benchmark models? 

2. How to approach the problem of classifying them? 
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Main principles behind existing PBC benchmarks
1. Relative simplicity (a few BSM particles added), parameter space: 2-

4 parameters. 

2. Renormalizability for all but axion models. Low(est) dimension 
portals = no obvious UV suppression. 

3. Technical naturalness in many cases (i.e. radiative corrections to 
masses of e.g. dark photon, or HNLs are under control.).

*********
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Sub-eV benchmark models ? 
(Will be tailored to mostly cover new fields eV-and-below physics)

1. Relative simplicity (a few BSM particles added), parameter space: 2-
4 parameters. 

2. Renormalizability for all but axion models. Low(est) dimension 
portals = no obvious UV suppression. 

3. Technical naturalness in many cases (i.e. radiative corrections to 
masses of e.g. dark photon, or HNLs are under control.).

• Simplicity is not a bad criterion to get organized. 

• Renormalizability is not a criterion here: 
!!"

"#$%&'(
𝑇#$ - gravity itself is 

not renormalizable. 



The issue of technical naturalness 
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Non-derivative interactions of light bosonic fields generate correction to 
bosonic self interaction (e.g. mass term) orders of magnitude larger than 
the assumed value for the mass: necessitates fine-tuned cancellations. 

Large fraction of light new physics models suffers from this problem. 

Maybe we could view technical naturalness as a “soft criterion”: give 
some more visibility to models where it is manifest, but not entirely 
discard models where it is violated. Among unnatural models, state 
caveats, pick those that lead to the most interesting physical effects. 
(See A. Hook’s work for some ”Houdini tricks” to get out of straightjacket of technical 
naturalness)

Another closely related issue: low scale of UV completion, many models 
often require L to be below the weak scale, and it is a problem. 



Tentative list (blue color – obeying naturalness)

17

• Non-interacting light scalar/vector fields modifying cosmology/astrophysics. 

• ALPs + mass term + pseudoscalar coupling to photons and spins. (Softly broken 
shift symmetry). Maybe DM. 

• ALPs with non-derivative couplings, such as to EDM etc. 

• “Disformal couplings” = light scalar coupled derivatively to stress energy tensor: 
𝑇!" 𝜕"𝜑𝜕! 𝜑/Λ#. 𝐻$𝐻𝜕"𝜑𝜕! 𝜑/Λ%

• Scalar field models (oscillating scalar, or smoothly evolving scalar) + couplings 
a. Higgs portal (relaxion), b. to 𝑇!!, c. to spins, d. to 𝐹!" 𝐹!" etc. Saturating 
dark matter is an option. (Some versions could be natural is cutoff is low.)

• Dark vector dark matter: a dark photon saturating dark matter, b dark B-L 
saturating dark matter. 

• Light thermal freeze-in dark matter (Mass > keV), with possibly sub-eV light 
mediators. 

• Chameleon-type models: a Simplest &!!'
"

("
, b Chameleon with additional matter 

couplings? 

• Models with nontrivial spatial pattern: DM out of lumps of light fields (Q-balls)
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Examples of models & parameter space

M1: ALP models (obeying technical natural)

NB: KSVZ and DFSZ choices are totally adequate.

These models are thoroughly analyzed with last caveats of ULF-style 
dark matter being sorted out. 

2. Suggested parameter space

M0. L = 1
2(@�)

2 � V (�). It is reasonable to try several generic possibilities.
E.g. models with “late motion of field” when there is a constant linear
forcing, and the value of the field is �(z = 0) = 0 by construction. Also
possible is to have B: some massive field with some initial condition at early
times,

A : V (�) = V0 + V 0�, �(z = 0) = 0, (1)

B : V (�) = V0 +
1

2
m2

0(�)
2, �( z) = �0 (2)

First model has parameter space {V0, V 0}, and is about dark energy. Second
model has parameter space {V0,m0,�0} and has dark energy and dark matter
associated with it.

M1. More or less the same parameter space as in ALPs models. Since
we are talking about low energies, it is reasonable, of course, to switch to the
language of nucleons rather than quarks and gluons, and so we have:

L =
1

2
(@a)2 � 1

2
m2

a
a2 � a

4f�
Fµ⌫F̃µ⌫ �

X

i=e,p,n

@µa

fi
 ̄i�µ�5 i. (3)

Parameter space is in principle a multi-dimensional {ma, fi}, and one could
take di↵erent fi slices of it. Initial position of a field, a0 at earlier times, is
also important and a unique a0, and/or randomly distributed a0 are possible.
Alternatively, all models that aspire to have some contribution to DM, we
may quantify their late-time contribution to the DM energy density by a
parameter i ⌘ ⌦i/⌦DM , i = a, phi, V etc.

M2. Ultra-light vector fields can have the following Lagrangian:

A : L = �1

4
V 2
µ⌫

� ✏

2
Vµ⌫Fµ⌫ +

1

2
m2

V
V 2
µ

(4)

B : L = �1

4
V 2
µ⌫

+
1

2
m2

V
+ LSM(Dµ ! Dµ � iQB�LgB�LVµ). (5)

The parameter space is evidently {mV , ✏} and {mV , gB�L}. (If mV is tiny,
the model may prefer Dirac SM neutrinos).

M3. The model has the same parameter set as Benchmark model 2 (PBC
set). Specifically, one takes small mA0 , and m� > O(keV):

L = �1

4
V 2
µ⌫

� ✏

2
Vµ⌫Fµ⌫ +

1

2
m2

V
+ �̄(i�µDµ �m�)�, (6)

4

2. Suggested parameter space

M0. L = 1
2(@�)

2 � V (�). It is reasonable to try several generic possibilities.
E.g. models with “late motion of field” when there is a constant linear
forcing, and the value of the field is �(z = 0) = 0 by construction. Also
possible is to have B: some massive field with some initial condition at early
times,

A : V (�) = V0 + V 0�, �(z = 0) = 0, (1)

B : V (�) = V0 +
1

2
m2

0(�)
2, �(large z) = �0 (2)

C : V (�) = V0 + V1 cos(�/f), �(large z) ⇠ f (3)

(4)

First model has parameter space {V0, V 0}, and is about dark energy. Second
model has parameter space {V0,m0,�0} and has dark energy and dark matter
associated with it.

M1. More or less the same parameter space as in ALPs models. Since
we are talking about low energies, it is reasonable, of course, to switch to the
language of nucleons rather than quarks and gluons, and so we have:

L =
1

2
(@a)2 � 1

2
m2

a
a2 � a

4f�
Fµ⌫F̃µ⌫ �

X

i=e,p,n

@µa

fi
 ̄i�µ�5 i. (5)

Parameter space is in principle a multi-dimensional {ma, fi}, and one could
take di↵erent fi slices of it. Initial position of a field, a0 at earlier times, is
also important and a unique a0, and/or randomly distributed a0 are possible.
Alternatively, all models that aspire to have some contribution to DM, we
may quantify their late-time contribution to the DM energy density by a
parameter i ⌘ ⌦i/⌦DM , i = a, phi, V etc.

M2. Ultra-light vector fields can have the following Lagrangian:

A : L = �1

4
V 2
µ⌫

� ✏

2
Vµ⌫Fµ⌫ +

1

2
m2

V
V 2
µ

(6)

B : L = �1

4
V 2
µ⌫

+
1

2
m2

V
+ LSM(Dµ ! Dµ � iQB�LgB�LVµ). (7)

The parameter space is evidently {mV , ✏} and {mV , gB�L}. (If mV is tiny,
the model may prefer Dirac SM neutrinos).

4
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Examples of models & parameter space
M0, Case A, i.e. linear potential: Recasting constraints on wDE and measurement of 
WL onto the constraint on V0 and V’.  

10% constraint on w (-1 < w < -0.9) implies small value of V’ 

For the purpose of comparing experiments, this is the simplest model for an evolving 
scalar that one can use.   

S =

Z
d
4
x
p
�g


1

2
g
µ⌫
@µ�@⌫�� 1

2
m

2
�
�
2

�
(21)

S =

Z
d
4
x

p
R6


1

2
(�̇)2 � 1

2
m

2
�
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Examples of models & parameter space

2. Suggested parameter space

M0. L = 1
2(@�)

2 � V (�). It is reasonable to try several generic possibilities.
E.g. models with “late motion of field” when there is a constant linear
forcing, and the value of the field is �(z = 0) = 0 by construction. Also
possible is to have B: some massive field with some initial condition at early
times,

A : V (�) = V0 + V 0�, �(z = 0) = 0, (1)

B : V (�) = V0 +
1

2
m2

0(�)
2, �( z) = �0 (2)

First model has parameter space {V0, V 0}, and is about dark energy. Second
model has parameter space {V0,m0,�0} and has dark energy and dark matter
associated with it.

M1. More or less the same parameter space as in ALPs models. Since
we are talking about low energies, it is reasonable, of course, to switch to the
language of nucleons rather than quarks and gluons, and so we have:

L =
1

2
(@a)2 � 1

2
m2

a
a2 � a

4f�
Fµ⌫F̃µ⌫ �

X

i=e,p,n

@µa

fi
 ̄i�µ�5 i. (3)

Parameter space is in principle a multi-dimensional {ma, fi}, and one could
take di↵erent fi slices of it. Initial position of a field, a0 at earlier times, is
also important and a unique a0, and/or randomly distributed a0 are possible.
Alternatively, all models that aspire to have some contribution to DM, we
may quantify their late-time contribution to the DM energy density by a
parameter i ⌘ ⌦i/⌦DM , i = a, phi, V etc.

M2. Ultra-light vector fields can have the following Lagrangian:

A : L = �1

4
V 2
µ⌫

� ✏

2
Vµ⌫Fµ⌫ +

1

2
m2

V
V 2
µ

(4)

B : L = �1

4
V 2
µ⌫

+
1

2
m2

V
+ LSM(Dµ ! Dµ � iQB�LgB�LVµ). (5)

The parameter space is evidently {mV , ✏} and {mV , gB�L}. (If mV is tiny,
the model may prefer Dirac SM neutrinos).

M3. The model has the same parameter set as Benchmark model 2 (PBC
set). Specifically, one takes small mA0 , and m� > O(keV):

L = �1

4
V 2
µ⌫

� ✏

2
Vµ⌫Fµ⌫ +

1

2
m2

V
+ �̄(i�µDµ �m�)�, (6)
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V
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4
and the covariant derivative contains gd dark gauge coupling. The model
parameter space is {mV , ✏,m�, gd}.

M4. To the scalar models encountered before (M0) we add

A : Lint = A�(H†H � hH†Hi) (7)

B : Lint =
�

MT

⇥ T µ

µ
(SM) (8)

C : Lint =
�

4M�

⇥ (FEM

µ⌫
)2 +

�

4Me

⇥ ēe+
�

4MN

N̄N (9)

D : Lint = �
X

i=e,p,n

@µ�

Mi

 ̄i�µ�5 i (10)

E : ?? Same structures with �! �2. (11)

Comments: model A is a more restrictive realization of model C. Model D
is basically the same as the M1. Simultaneous presence of e.g. C and D will
lead to mass-spin coupling.

M5. The parameter space is the mass of “disformal” scalar and its cou-
pling, {m�,⇤}. (Representative couplings are given by T↵�@��@↵�/⇤4 or
H†H@↵�@↵�/⇤2). On theoretical grounds, we expect that coupling ⇤ is
larger than the EW scale. See the latest paper Ref. [21].

M6. Chameleon or “symmetron”-type models have a large variety. For
example, one can consider

L =
1

2
(@�)2 � 1

2
m2

�
�2 � ���

4 + �H�(H
†H � hH†Hi)�2. (12)

In-medium value of H†H � hH†Hi is non-zero, and if m2
�
is small, it has

consequences for spatial distribution of �, especially if it is dark matter. If
m2

�
is negative, � field will have a nonzero v.e.v. in vacuum, and matter

e↵ects can restore symmetry.

M7. Parameter space of models with extended DM objects are di�cult
to describe in a few numbers. Let us approximate DM field profile inside a
“defect ” by some Gaussian field:

�(r) = �0 ⇥ exp(�r2/(2R2)) (13)

�0 and R will describe the amplitude and the extent of the field configuration,
that will have a mass / �2

0R, so that number density of these objects n should

5

Some interest to these models in connection with DM and tests of gravity

Very low mV and keV-to-MeV scale mc has been a ”go-to” model for freeze-
in DM, with large efforts in light WIMP direct detection community to meet 
an meV-to-eV energy release challenge. 
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Examples of models & parameter space
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Figure 1: Exclusion limits for hidden photon (top) and ALP (bottom) couplings to SM photons.
Existing measurements are indicated with gray/blue/dark green shades and white captions.
Expected limits from future measurements are indicated with light green shades and black
captions. The yellow band in the axion plot marks properties of the QCD axion. Red color
indicates theoretical constrains for hidden photon and axion production and expectations for
dark matter and dark radiation (for hidden photons) produced by hidden photons (figures
adapted from [3]).
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Examples of models & parameter space
and the covariant derivative contains gd dark gauge coupling. The model
parameter space is {mV , ✏,m�, gd}.

M4. To the scalar models encountered before (M0) we add

A : Lint = A�(H†H � hH†Hi) (7)

B : Lint =
�

MT

⇥ T µ

µ
(SM) (8)

C : Lint =
�

4M�

⇥ (FEM

µ⌫
)2 +

�

4Me

⇥ ēe+
�

4MN

N̄N (9)

D : Lint = �
X

i=e,p,n

@µ�

Mi

 ̄i�µ�5 i (10)

E : ?? Same structures with �! �2. (11)

Comments: model A is a more restrictive realization of model C. Model D
is basically the same as the M1. Simultaneous presence of e.g. C and D will
lead to mass-spin coupling.

M5. The parameter space is the mass of “disformal” scalar and its cou-
pling, {m�,⇤}. (Representative couplings are given by T↵�@��@↵�/⇤4 or
H†H@↵�@↵�/⇤2). On theoretical grounds, we expect that coupling ⇤ is
larger than the EW scale. See the latest paper Ref. [21].

M6. Chameleon or “symmetron”-type models have a large variety. For
example, one can consider

L =
1

2
(@�)2 � 1

2
m2

�
�2 � ���

4 + �H�(H
†H � hH†Hi)�2. (12)

In-medium value of H†H � hH†Hi is non-zero, and if m2
�
is small, it has

consequences for spatial distribution of �, especially if it is dark matter. If
m2

�
is negative, � field will have a nonzero v.e.v. in vacuum, and matter

e↵ects can restore symmetry.

M7. Parameter space of models with extended DM objects are di�cult
to describe in a few numbers. Let us approximate DM field profile inside a
“defect ” by some Gaussian field:

�(r) = �0 ⇥ exp(�r2/(2R2)) (13)

�0 and R will describe the amplitude and the extent of the field configuration,
that will have a mass / �2

0R, so that number density of these objects n should

5

This is phenomenologically most diverse class, leading to a variety of interesting 
phenomena.
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Axion and dark scalar

ALP , ALP as DM plot. Any 
point can be considered 
“natural” if mass ma is supplied 
by hand. Loop feedback on mass 
is small.

”Relaxion”-type plot: mostly 
unnatural regions are probed 
by ongoing atomic exp. Loop 
feedback on mass is large.
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FIG. 1. Scalar field parameter space, with mass m� and corresponding DM oscillation frequency f� = m�/2⇡ on the bottom
and top horizontal axes, and couplings of both an electron mass modulus (di = dme) and electromagnetic gauge modulus
(di = de) on the vertical axis. Natural parameter space for a 10 TeV cuto↵ is depicted in green, while the other regions and
dashed curves represent 95% CL limits from fifth-force tests (“5F”, gray), equivalence-principle tests (“EP”, orange), atomic
spectroscopy in dysprosium (“Dy”, purple), and low-frequency terrestrial seismology (“Earth”, black). The blue curve shows
the projected SNR = 1 reach of a proposed resonant-mass detector—a copper-silicon (Cu-Si) sphere 30 cm in radius—after 1.6 y
of integration time, while the red curve shows the reach for the current AURIGA detector with 8 y of recasted data. Rough
estimates of the 1-y reach of a proposed DUAL detector (pink) and several harmonics of two piezoelectric quartz resonators
(gold points) are also shown.

with thermal Brownian noise forces Fth in the spring and
external noise forces Fext. In the presence of a modulus,
the equilibrium size of the spring is oscillating in time L '

L0 cos(m�t). Once we define the “displacement distance”
D ⌘ x� L, the influence of the modulus is revealed as a
new force,

M


D̈ +

!

Q
Ḋ + !2D

�
' �ML̈+ Fth + Fext, (6)

up to O(1/Q)-suppressed force terms. The modulus-
induced force is analogous to the tidal force caused by
a GW [9], except that the modulus induces a monopole
strain instead of a quadrupole strain pattern. This intu-
ition can be extended to continuous acoustic systems by
describing the modulus as a scalar GW with an e↵ective
isotropic Riemann curvature tensor

R
e↵
i0j0 = �ij ḧ, (7)

where the e↵ective strain h ⌘ ��↵/↵ � �me/me =
� (dme + de)

p
4⇡GN� inherits the coherent properties

of the DM field oscillation as described below Eq. (2).
The response of a resonant-mass detector to modulus DM
may thus be extracted from well-known strategies for de-
tecting monochromatic gravitational-wave radiation.

A resonant-mass detector is acoustically equivalent to
a combination of independent harmonic oscillators, since
the displacement from equilibrium in an elastic solid

can be decomposed into normal modes as D (x, t) =P
n Dn(t)un(x). In a spherical geometry, we can take

un(x) = r̂un(r), since only spherically symmetric (l = 0)
modes are excited by a scalar strain. For a sphere of
radius R with uniform density ⇢ and longitudinal (trans-
verse) sound speed cl (ct), these mode functions can be
found in Ref. [10]. They have resonant angular frequen-
cies !n = clkn with kn ' n⇡/R. We choose a normaliza-
tion such that un(R) = 1, and define the e↵ective mode
mass Mn through

R
V d3x ⇢un ·un0 = �nn0Mn. With these

conventions, Dn is the absolute displacement of the sur-
face from the equilibrium radius Req, and satisfies Eq. (6)
with an e↵ective modulus force

Fmod,n ⌘ �Ri0j0

Z

V
d3x ⇢ui

nx
j = �ḧM�RJn (8)

with M� the mass of the sphere and a coupling factor

Jn ⌘ 3R�4
R R
0 dr r3un that decouples for the higher har-

monics as Jn ⇠ n�2. Modulus DM can be detected if the
force in Eq. (8) exceeds the noise forces Fth and Fext.

Existing resonant-mass detectors.— The response of
resonant-mass detectors to gravitational waves was first
described by Weber [11, 12]. Resonant-mass GW detec-
tors have made great strides in sensitivity since the first
“Weber bars” (see Ref. [13] for a historical review), so
far culminating in a network of third-generation experi-
ments [14, 15] consisting of cryogenic, ton-scale, cylindri-
cal antennas operating at around 900 Hz. Despite qual-

Arvanitaki et al., 2015

Agrawal et al, 2021
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Modified Bekenstein model
Combining simplest potential and simplest coupling, we get:

This model predicts: 1. w >-1,  2. new attractive force violating equivalence 
principle, 3. Linear change of EM fine structure constant in time. 

Nice complementarity of cosmological, gravitational and AMO probe
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Examples of models & parameter space

and the covariant derivative contains gd dark gauge coupling. The model
parameter space is {mV , ✏,m�, gd}.

M4. To the scalar models encountered before (M0) we add

A : Lint = A�(H†H � hH†Hi) (7)

B : Lint =
�

MT

⇥ T µ

µ
(SM) (8)

C : Lint =
�

4M�

⇥ (FEM

µ⌫
)2 +

�

4Me

⇥ ēe+
�

4MN

N̄N (9)

D : Lint = �
X

i=e,p,n

@µ�

Mi

 ̄i�µ�5 i (10)

E : ?? Same structures with �! �2. (11)

Comments: model A is a more restrictive realization of model C. Model D
is basically the same as the M1. Simultaneous presence of e.g. C and D will
lead to mass-spin coupling.

M5. The parameter space is the mass of “disformal” scalar and its cou-
pling, {m�,⇤}. (Representative couplings are given by T↵�@��@↵�/⇤4 or
H†H@↵�@↵�/⇤2). On theoretical grounds, we expect that coupling ⇤ is
larger than the EW scale. See the latest paper Ref. [21].

M6. Chameleon or “symmetron”-type models have a large variety. For
example, one can consider

L =
1

2
(@�)2 � 1

2
m2

�
�2 � ���

4 + �H�(H
†H � hH†Hi)�2. (12)

In-medium value of H†H � hH†Hi is non-zero, and if m2
�
is small, it has

consequences for spatial distribution of �, especially if it is dark matter. If
m2

�
is negative, � field will have a nonzero v.e.v. in vacuum, and matter

e↵ects can restore symmetry.

M7. Parameter space of models with extended DM objects are di�cult
to describe in a few numbers. Let us approximate DM field profile inside a
“defect ” by some Gaussian field:

�(r) = �0 ⇥ exp(�r2/(2R2)) (13)

�0 and R will describe the amplitude and the extent of the field configuration,
that will have a mass / �2

0R, so that number density of these objects n should

5

and the covariant derivative contains gd dark gauge coupling. The model
parameter space is {mV , ✏,m�, gd}.

M4. To the scalar models encountered before (M0) we add

A : Lint = A�(H†H � hH†Hi) (7)

B : Lint =
�

MT

⇥ T µ

µ
(SM) (8)

C : Lint =
�

4M�

⇥ (FEM

µ⌫
)2 +

�

4Me

⇥ ēe+
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Most probes of the model are colliders, as well as via Neff (Weinberg)

Motivates comparing experiments in rarified vs dense environments. 
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Examples of models & parameter space
obey ⇠ n�2

0R  ⇢DM . The interaction of such an object with matter can be
described by Eqs. (7)-(11).

M7. Parameter space of models with extended DM objects are di�cult
to describe in a few numbers. Let us approximate DM field profile inside a
“defect ” by some Gaussian field:

�(r) = �0 ⇥ exp(�r2/(2R2)) (14)

�0 and R will describe the amplitude and the extent of the field configuration,
that will have a mass / �2

0R, so that number density of these objects n should
obey ⇠ n�2

0R  ⇢DM . The interaction of such an object with matter can be
described by Eqs. (7)-(11).

M8. Finally, an ULF coupling to an EDM can be described as

LEDM� =
X

i=e,n,p

�
di
f
 i�µ⌫F̃µ⌫ i (15)

The parameter space of the model is then {m�, di/f,⌦�}.
................

It is likely that some interesting cases or classes of models are missing.
Below is a very incomplete set of references
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M9. Models with eV and sub-eV sterile neutrinos.  

Gives transient effects

Gives an oscillating EDM

A lot more work is needed to map out constraints on parameter space of all benchmarks
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Conclusions

1. Because of the increased experimental activity, the community may 
want to expand “benchmark models” into the sub-eV regime. (These 
cases apply only to a small subset of PBC experiments)

2. One should rethink the main criteria how these benchmark cases are 
assembled. (E.g. renormalizability is no longer a criterion, but some 
semblance of simplicity still is. How to approach technical 
naturalness?)

3. If O(10-15) new sub-eV benchmark cases are assembled, it may start 
playing “focussing role” (as PBC benchmarks play). It is worth 
pursuing. 


