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Big Questions in Physics

Does dark matter (and also dark energy) have non-gravitational interactions?

Can we detect it?

What is the space of theoretical possibilities for dark matter? 



Outline of the talk
1. Intro.
2. Using the dark matter experiments to search for other things:

i. Solar exotics
ii. Absorption of bosonic super-WIMPs
iii. Elastic scattering of non-standard neutrinos.

3.   Producing and detecting MeV-scale DM. 
4.   Expanding the search for dark matter beyond particle 
candidates:

i. Macroscopic size dark matter objects
ii. Transient effects due to dark matter. Networks of 
atomic clocks and magnetometers.

5.    Conclusions
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Simple classification of particle
DM models

At some early cosmological epoch of hot Universe, with temperature T 
>> DM mass, the abundance of these particles relative to a species of SM 
(e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Ng =1. 
Stability of particles on the scale tUniverse is required. Freeze-out calculation gives the 
required annihilation cross section for DM -> SM of order ~ 1 pbn, which points 
towards weak scale. These are WIMPs.

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them super-WIMPs] 

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Ng ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. 

Signatures can be completely different. WIMPs are most realistic for discovery
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Evolution of theoretical interest to DM

Mid 90’s: In the 0th approximation: SUSY neutralino as WIMPs and 
axion models as “super-cold” DM. 

Last ~15 years – O(few 100) or more models of WIMPs (sometimes 
much simpler than MSSM neutralino), super-WIMPs, and super-cold 
DM are developed. Some models have a much broader observational 
consequences than “neutralinos and/or axions”. Some have no 
observable properties other than gravitational interactions.

Future? Any model of DM that has a chance of satisfying abundance 
(+may be some theory priors of “technical naturalness”) is worth 
searching for. 
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Currently all “direct DM detection” 
experiments search for the same thing

An average Dark Matter             A more advanced DM 
experiment

Diversifying 
physics output of 
direct detection exp’s
is needed !!! 

$$
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Q1: High-energy physics experiments searching for BSM, search 
for wide classes of New Physics models. Could direct dark matter 
detection can [given considerable $ invested] also search for wider class 
of signatures covering not exclusively WIMP searches?

Q2: We are attracted to existing particle models of DM because of 
their relative simplicity. But it may not be what nature choses. Do we 
make enough efforts to search for DM with non-conventional 
experimental methods? 
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Example 1: New signal: absorption of super-
WIMPs

WIMP-nucleus scattering Atomic absorption of super-WIMPs

WIMP Super-WIMP electron

nucleus
nucleus
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Signal: ionization + phonons/light Ionization at E=msuperWIMP

d(Events)/dE d(Events)/dE

EE



(superweakly interacting)Vector Dark Matter

§ Vectors are long-lived if mV < 2 me. V has to decay to 3 photon 
via the light-by-light loop diagram: 

The g-background constraints are weak. (No monochromatic lines)
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Absorbing Dark Photon DM
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Direct detection search of Vector super-WIMP is competitive with 
other constraints. MP, Ritz, Voloshin, 2008. See also Postma, 
Redondo, 2008 + 1 more recent paper by the UCLA group. 
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§ Searches for “odd lines” in electron recoil was performed by e.g. 
CDMS, EDELWEISS, CoGeNT (but only in the limited range of 
energies up to ~ 10 keV)

§ It would be nice to extend the analysis to a wider range 
(e.g. 0-1 MeV range). 
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Example 2: dark photons from the Sun

§ Should very light particles other than neutrino exist (axions; sub-
keV dark photons etc) they can be produced by the Sun, and 
searched for with various types of “helioscopes”

§ Recently, we (An, Pradler, MP) have re-derived the production of 
the light dark photons in stars (previous analyses have miscalculated 
it by (many!) orders of magnitude).

§ We have shown that low-threshold dark matter detectors are 
world’s most sensitive dark photon helioscopes. 

12

§ Should very light particles other than neutrino exist (axions; sub-
keV dark photons etc) they can be produced by the Sun, and 
searched for with various types of “helioscopes”

§ Recently, we (An, Pradler, MP) have re-derived the production of 
the light dark photons in stars (previous analyses have miscalculated 
it by (many!) orders of magnitude).

§ We have shown that low-threshold dark matter detectors are 
world’s most sensitive dark photon helioscopes. 



In-medium emission of light dark vectors

A “Stuckelberg” mass vector decouples in the limit mVà0

It is clear that the emission will be suppressed if the plasma frequency 
wp is much larger than mV. This has lead to an incorrect statement in 
the literature that the Emission Rate is suppressed by (mV/wp)4. 

We have shown that for the transverse modes 
GT scales as (mV/wp)4 in medium and as (mV/wp)0 in vacuum 

For the Longitudinal modes GL ~ (mV/wp)2, both in medium and 
vacuum! A whole experimental program of so-called light-shining-
through-walls (LSW) was using stellar limits that were incorrectly 
relaxed by 10 orders of magnitude at mV ~10-3 eV…
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Limits on Dark Photons

14

Constraint from the ionization at Xenon10 surpasses even very strong 
constraints from stellar cooling (also derived by our group)

An, MP, Pradler, PRL 2013



Example 3:

Detecting non-standard solar neutrino oscillations 
using WIMP detectors

MP 2011

Harnik, Kopp, Machado 2012

Pospelov, Pradler 2012

Pospelov, Pradler to appear
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Probing non-standard n physics with DM 
detectors

In recent years a lot of man*hours was spent on the discussion of 
possible signals (keV-scale energy deposition) observed by some 
“direct DM detection” experiments. 99% of these discussions is 
inevitably centered around: is it WIMP or is it background? Could it 
be anything else that leads to O(keV) scale energy deposition? My 
answer: it could be different new physics, including solar neutrinos

Scattering of 8B neutrinos is very similar in shape to many “DM 
signals”… but about 10-4 from what is “needed”. But a new state 
with stronger-than-weak elastic scattering rate can appear:

8B:   nSM à n”Baryonic” 

The model will be interesting for “direct detection” if one can
1. Enhance the coherent scattering rate by ~103-104

2. Hide this enhancement from the solar n experiments. 16
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The “baryonic neutrino” model

§ Consider a new “neutrino-like” particle coupled to baryonic 
currents:

At the nucleon level we have a isosinglet vector current:

These properties suppress standard neutrino signals and enhance the 
elastic recoil.  Let us introduce an analogue of Fermi constant:
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Comments on the model
§ “Stronger-than-weak” force, N ~100,  implies Mmediator<<MZ. The 

most safe place to hide it is below 100 MeV, where one can have 
gB ~ (10-2-10-3) e. This is not ruled out by any of the existing 
experiments. 

§ Anomaly can be cancelled by new matter at the weak scale.
§ Neutrino mass is not a problem: one could use the same set of RH 

neutrinos to [economically] introduce the mass in both sectors,

§ Kinetic mixing will be developed radiatively, but k ~ loop factor, 
hence ok with recent constraints. 

§ The model has gauge anomaly (it is B, not B-L), but I can cancel 
it at the weak scale. I can leave it a-la Stuckelberg, and given a ~ 
10 TeV cutoff, the tuning of mV will be less than in the HiggsSM 18

§ “Stronger-than-weak” force, N ~100,  implies Mmediator<<MZ. The 
most safe place to hide it is below 100 MeV, where one can have 
gB ~ (10-2-10-3) e. This is not ruled out by any of the existing 
experiments. 

§ Anomaly can be cancelled by new matter at the weak scale.
§ Neutrino mass is not a problem: one could use the same set of RH 

neutrinos to [economically] introduce the mass in both sectors,

§ Kinetic mixing will be developed radiatively, but k ~ loop factor, 
hence ok with recent constraints. 

§ The model has gauge anomaly (it is B, not B-L), but I can cancel 
it at the weak scale. I can leave it a-la Stuckelberg, and given a ~ 
10 TeV cutoff, the tuning of mV will be less than in the HiggsSM



Oscillation of Solar neutrinos into nb
§ Suppose the mass matrix is such that some part of the solar 

neutrinos oscillate into neutrinob. 

18.8 MeV
At the Sun location we have (“+” is an appropriate mu-tau neutrino 

combination that participates in solar neutrino oscillations)

§ At Earth’s location one can easily have a more complicated mix:

and, since sign(VN CB ) = qb, resonant flavor transitions for νb could be possible for qb = +1
and θ > π/4 or for qb = −1 and θ < π/4 (and vice verse for νb.) We note, however, that the
efficiency of a transition has a separate dependence on ∆m2, unrelated to Eq. (10), as the
matter-induced oscillations seize to occur in the limit of ∆m2 → 0. From (10) we find the
necessary condition for which NCB effects are least likely to play a role,

∆m2 cos2θ 10−4 eV 2×
E

10MeV

N

100

ρ
g/cm3

. (11)

In this work we focus on a parameter region which obeys this limit. A discussion for larger
values of ∆m2 is beyond the scope of this work.

2.2 Solar νb flux

Let us consider a scenario in which the baseline of νb oscillation L osc is on the order of the
earth-sun distance, L 0 = 1AU 1.5×108 km. This “just-so” choice of parameters suggests
a canonical mass squared difference,

Losc
L 0

0.5×
10−10 eV 2

∆m2

Eν

10MeV
. (12)

“Flavor” eigenstates ναL (α = e,µ,τ,b) are found from mass-eigenstates nkL by inversion
of (4), ναL = k UαknkL , and their evolution is obtained by solving

i
dΨ
dx

= HΨ, H =
1

2E
UM 2

dU
† + A . (13)

Here Ψ is the vector of amplitudes for the flavor states, Ψ = (ψe,ψµ,ψτ ,ψb), M
2
d =

diag(m2
1,m

2
2,m

2
3,m

2
4) is the diagonalized mass matrix and the entries of A = diag(ACC +

AN C ,AN C ,AN C ,AN CB ) are related to the induced matter potentials via Ax = 2EVx . In gen-
eral, the baryonic neutrino flux at the Earth location is found upon numerical integration
of (13) from the production point r0 of νe in the solar interior to earth at distance L with
initial condition Ψ(r0) = (1,0,0,0), This could be a complex problem when matter effects
are involved, but fortunately not for the region of the parameter spacewe are interested in.

With a few simplifying assumptions theappearanceprobability at earth can beobtained
analytically [10]. We seek access to the high energy end of the neutrino spectrum, E ν
10MeV , because scatterings of νb will then more likely be picked up by a detector. The
largest flux in combination with high endpoint energy comes from the neutrino emission in
the decay of 8B. With 4He being the most tightly bound light nucleus, hep neutrinos have
the highest endpoint in energy but come with a flux which is smaller by three orders of
magnitude. The 8B and hep respective fluxes and endpoint energies are given by [30],

Φ8B = (5.69+ 0.173−0.147) ×106cm−2 s−1, Emax,8B = 16.36MeV ,

Φhep = (7.93±0.155) ×103 cm−2 s−1, Emax,hep = 1.88MeV . (14)

In the solution to thesolar neutrino problem theMSW effect dominates the flavor evolution
of thehighly energeticpart of theneutrinospectrum and neutrinosexit thesun mainly asν2.

5
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§ Suppose the mass matrix is such that some part of the solar 
neutrinos oscillate into neutrinob. 

18.8 MeV
At the Sun location we have (“+” is an appropriate mu-tau neutrino 

combination that participates in solar neutrino oscillations)

§ At Earth’s location one can easily have a more complicated mix:



Effective interaction and enhancement of elastic 
channels 

How much signal you would have is given by 
Probability of oscillation * interaction strength

Despite N being very large, say a 100 or a 1000, standard neutrino 
detectors will have hard time detecting neutrinob because

The last formula is especially important because it allows to “hide” 
the enhancement of the elastic scattering from the dedicated 
neutrino experiments. 
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Signals of nb in “conventional” neutrino 
detectors

§ Consider for example the deuteron breakup reaction, or Carbon 
excitation with subsequent energy release:

Because of the properties of baryonic currents the hadronic
amplitude is quadratic in neutrino energy, and the signal is 
quartic:
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Elastic scattering signal 

§ There can be a considerable recoil signal from neutrino_b due to 
the coherent enhancement, and interaction strength that I took 
stronger-than-weak:

Here I(Er) is the recoil integral given by 
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Fit to recent CDMS event

23

(MP, Pradler, to appear) Recent CDMS Si events fit into the story OK, 
just as they would for light DM models. 



Recoil in Germanium detectors: CoGeNT, CDMS
MP, J. Pradler, 2012
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FIG. 1: Fit of the three silicon events in CDMS-I I ; the recoil
locations of the events are indicated by the vertical bars at
the bottom of the figure.

result is intriguing but is now severely challenged by the
null-observation of LUX, where more than 103 events
were expected at the CDMS best fit point [8]. Here we
offer an alternative explanation of the observed excess
that stands unchallenged by LUX.
We fit the tree events using 1keV bins starting from

7 keV which corresponds to the lowest threshold of all
detectors untill 15 keV above which no signal from νb
is induced. The overall efficiency is taken from Fig. 1
of [18]. The best fit from a Poisson log-likelihood ratio is
attained at,

CDMS−Si : ∆ m2
b = 4×10−9 eV 2, N eff = 49 (15)

with χ2/nd = 7/6. The favored region is shown in Fig. 3.

CoGeN T

The CoGeNT experiment [19–21] employs a p-type
point-contact germanium crystal (0.44kg). It has the
advantage of a very low energy threshold 0.5keV ee so
that despiteamoderately heavy target nucleus (A = 76),
good sensitivity to light DM in the10GeV-ballpark or to
νb is expected. Indeed, the collaboration reports an un-
explained quasi-exponential rise at lowest energies2. The

2 In addit ion to the signal-risebelow 1keVee the data also appears
to be annually modulated in the 0.5–3.2 keVee bracket which we
do not address here.
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FIG. 2: Recoil spectrum from the 442 live-day run of the
CoGeNT experiment. The black (gray) data points show the
signal after (before) subtraction of thecosmogenic radioactive
background. The solid line is a fit to the black data points. I t
decomposes into the contribut ion from νb (dashed line) and
the contribution of a constant background (dotted line.)

origin of it is unknown and has lead to the speculation of
a DM signal with favoredmass in the∼8−10GeV . This
hypothesis is now seriously challenged, if not completely
excluded by LUX.

The drawback of the experiment is that it registers
ionization from both, nuclear recoils and electromagnetic
background without being able to discriminate between
thetwo. Already at thetimeof our previousanalysis[13],
it wasclear that incomplete chargecollection on the sur-
face inducesa potential background that mimics a signal
in νb. Hence in [13]reliable ROIs could not be provided.
Instead, an envelope that limits N eff 200 was estab-
lished. It indicated the region of “compatibility” with
the other anomalies. Larger values of N eff lead to signal
strengths in excess of the observed data.

In [21]the collaboration provides a detailed discussion
of backgrounds. Therefore, we are now able 1) to in-
fer ROIs that are based on a better, quantitative under-
standing of backgrounds and 2) to use a data set which
almost has twice the exposure of that of our previous
analysis (807 vs. 442 kg days). The data together with
the background model are taken from Fig. 23 of [21]
and are respectively reproduced by the points and dot-
ted line in Fig. 2. The spectrum is corrected for effi-
ciencies and cut acceptance; cosmogenically induced ra-
dioactive backgrounds have been subtracted. We use
Lindhard theory to convert nuclear recoil energies to ion-
ization signal that is calibrated with gamma radiation,
E v (keVee) = Q × ER (keV )

1.1204. The quenching fac-
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1. You can put the model line through CoGeNT dots. Probably not 
advisable as we learn that most of it [all of it?] is likely background

2. CDMS does not kill the “nb explanation” of CoGeNT
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DAMA and “Just-So” phase reversal

§ If oscillation length is comparable to the Earth-Sun distance, the 
phase can be reversed, and more neutrinos will arrive in July
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Fitting DAMA modulation amplitude
§ Neglecting the phase offset of ~ 1 month, the fit of the nb model 

to DAMA modulation amplitude can be pretty decent. Fit to the 
phase has 1 month discrepancy. 
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Putting things together on Neff-Dm2 plot
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FIG. 3: Summary plot of direct detection favored regions and constraints in the parameters ∆ m2
b and N eff at 95% confidence.

Favored regions: the broad (dark) light shaded gray band shows the CDMS-Si (CRESST-I I) regions. The two small shaded
islands are the regions in which the CoGeNT excess is explained. In the medium gray shaded island DAMA’s modulation
amplitude is fitted; the phase, however, remains significantly discrepant by about one month. Constraints: N eff values above
the various lines are excluded with 95% confidence. From top to bottom at ∆ m > 10−9 the respective constraints are from
XENON100, from CDMS-I I low-threshold data, from LUX , and from XENON10.

tor is Q = 0.19935 [22] and the detector resolution is
σ2 = (69.4eV )2 + 0.858eV ×E v (eV ) [23].
The maximum recoil energy of 8Be neutrinos on ger-

manium is ER ≤ 7keV which corresponds to an electron
recoil equivalent of E v ≤ 1.76keVee. This coincideswith
the region in which the exponential rise is present and
we fit the first 25 data points in that energy interval.
W ith 99% confidencewe find three ROIs. The best fit is
attained for

CoGeNT : ∆ m2
b = 1.74×10−10 eV 2, N eff = 104 (16)

and is shown by the solid (blue) line in Fig. 2 The
model provides an excellent description of the data,
χ2/nd = 18/23. We observe a significant shift of the
best-fit ROI with respect to our previous analysis. In
the latter, given the absence of quantified backgrounds,
the signal-only interpretation favored a best-fit ROI cen-
tered around N eff = 228. With the better understanding
of backgrounds, the CoGeNT explanation now overlaps
with CDMS-Si and CRESST .
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Strongest constraints on Neff are from Xenon-10 ionization-only 
analysis – but it is the most uncertain as well. CRESST and CDMS 
excess events can be interpreted in this model without conflict Xe
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“Baryonic” neutrino and “light” DM 
are hard to tell apart

28



Conclusions to Part I

1. There exists classes of new physics models – other than WIMPs –
where [so-called] direct detection can make a decisive contribution. 
For example, very dark vectors as super-WIMP Dark Matter, dark 
photon flux from the Sun can be stringently limited by null results of 
ionization search.

2. Oscillation to “semi-sterile” neutrinos with enhanced interaction via 
baryonic current gives nuclear recoil that is very difficult to 
distinguish from ~5-7 GeV WIMP recoil. The model escapes other 
constraints, and speculatively, can be entertained as the origin of the 
excess events in CDMS Si, and CRESST without contradicting Xe-
type experiments. 

With lots of $$$ being funneled into the direct DM detection, it is 
important to broaden the scope of the program and start 
analyzing/constraining cases other than a “conventional” WIMP.  29
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New ideas in DM searches

1. Producing and detecting MeV-scale DM particles in proton-on-target 
and electron-on-target experiments

2. Non-particle Dark Matter with atomic physics tools. 

30

1. Producing and detecting MeV-scale DM particles in proton-on-target 
and electron-on-target experiments

2. Non-particle Dark Matter with atomic physics tools. 



MeV dark matter in collisions

1. MeV DM models (and the whole concept of how make WIMPs light) 
are introduced by Boehm, Fayet

2. Unlike many 10-GeV-and-up WIMP models that can be studied via 
direct detection, O(MeV) scale DM models are difficult for direct 
detection as they carry no appreciable energy to deposit. 

3. Solution: make energetic DM particles in the collisions of protons 
with a target and subsequent decay of mesons to DM, and detect 
produced DM particles via the (quasi)elastic NC scattering signature.

4. Realistic goal for many short-base line neutrino experiments like 
LSND, MiniBoone etc. Neutrino beams can be accompanied by the 
MeV DM beam. (Batell, MP, Ritz).

5. Strong constraints can be obtained that way, owing to the huge 
number of produced hadrons (NLSND pions ~ 1021). 31
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Neutrino beam set up can be accompanied by beam of 
other light neutral states. “Dark matter beam”

32

Probability of prompt decay of mediator-V into new dark states c can be 
sizable. 

Scattering within the detector can look like neutral current events, but 
being mediated by light vectors could be larger than weak scattering 
rates.  E.g. LSND provides best constraints on MeV WIMPs



Existing constraints + possible reach of MiniBoone

33

DeNiverville et al., 2013. New MiniBooNE (mini)-run will happen later 
this year to search for light dark matter !!!



Electron beams + extra “near detector”

34

Electron beams have huge potential: no neutrino background. Needs a 
dedicated detector behind the beam dump. Sensitivity plot for 12 GeV
beam + 1022 EOT Izaguirre, Krnjaic, Schuster, Toro 2013



Conclusion for Part II

Proton-on-target and electron-on-target appear to be the most promising 
way of searching for MeV-scale WIMP dark matter. 

There will be dedicated searches done in the near future
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Can the progress in AMO translate to new
sensitive DM experiments? 

There have been tremendous advances 
in the last ~15 yr in AMO physics. 
There is a lot of appetite for 
fundamental [cosmological] 
applications. So far being limited to 
search of “changing couplings”, and to 
“Lorentz violation”. 

We propose to utilize it for searches of 
new types of dark matter that have 
macroscopic (e.g. 1 km) spatial extent.
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Extended field configurations of light 
fields

Take a simple scalar field, give it a self-potential e.g. V(f) = l(f2-v2)2. 

If at x = - infinity, f = -v and at x = +infinity, f = +v, then a stable 
domain wall will form in between, e.g. f = v tanh(x mf) with 

mf = l1/2 v

The characteristic “span” of this object, d ~ 1/mf, and it is carrying 
energy per area ~ v2/d ~ v2 mf Network of such topological defects 
(TD) can give contributions to dark matter/dark energy.

0D object – a Monopole

1D object – a String

2D object – a Domain wall

Cosmological problems from stable QCD axion DW – P. Sikivie
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Rough comparison with WIMPs and 
axions

WIMPs DM:     EW scale mass. Compton wavelength, l ~ 1/mWIMP, 
deBroglie w.l. ~ 1/(velocity × mWIMP) ~ 1/(10-3 × mWIMP) ~ nuclear size.

WIMP particles are widely spaced compared to their inverse mass with   
L ~ cm [within our galaxy] in between neighboring particles. 

Axion DM:   Light particles with huge number of particles per (w.l.)3 à
the whole space is filled. Sinusoidal in time waves at w = ma~ e.g. 10-5

eV. Average r.m.s amplitude, a ~ 100 eV, or so << EW scale.

TD DM:   A very shallow potential V(f) can lead to an amplitude 

fmax=A ~ EW scale. A particle-like 0D object is distributed over 1/mf
distance scales, and so the total mass is ~ A2/mf >> EW scale. 
Therefore, necessarily the average distance is  ~ cm × (A/mf)1/3 - very 
large! 38
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Comparison with WIMPs and axions

Axions – small amplitude but “no space” between particles 

WIMPs – EW scale lumps 
of energy (>> axion
amplitude), very 
concentrated in space. 
And with significant ~ cm 
gaps between particles 

39

TD DM – large amplitude but also large 
(possibly macroscopic) spatial extent d. 
Large compared to WIMPs individual 
mass, and then large (possibly 
astronomical) distances between DM 
objects. 

TD DM is a possibility for DM that will have very different signatures in 
terrestrial experiments. 

WIMPs – EW scale lumps 
of energy (>> axion
amplitude), very 
concentrated in space. 
And with significant ~ cm 
gaps between particles 



“Transient” signals from TD DM 
Regardless of precise nature of TD-SM particles interaction it is clear 
that 

1. Unlike the case of WIMPs or axions, most of the time with TD DM 
there is no DM objects around – and only occasionally they pass 
through. Therefore the DM signal will [by construction] be transient
and its duration given by   ~  size/velocity.

2. If the S/N is not large, then there can be a huge benefit from a 
network of detectors, searching for a correlated in time signal.

3. There will be a plenty of the constraints on any model of such type 
with SM-TD interaction, because of additional forces, energy loss 
mechanisms etc that the additional light fields will provide.  
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Possible Interactions
Let us call by f, f1, f2, … - real scalar fields from TD sector that 
participate in forming a defect. (More often than not more than 1 field is 
involved). Let us represent SM field by an electron, and a nucleon. 

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

A.

B.

C.

D

An atom inside a defect will have addt’l contributions to its energy levels
41

Let us call by f, f1, f2, … - real scalar fields from TD sector that 
participate in forming a defect. (More often than not more than 1 field is 
involved). Let us represent SM field by an electron, and a nucleon. 

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

A.

B.

C.

D

An atom inside a defect will have addt’l contributions to its energy levels



Possible Interactions
Let us call by f, f1, f2, … - real scalar fields from TD sector that 
participate in forming a defect. (More often than not more than 1 field is 
involved). Let us represent SM field by an electron, and a nucleon. 

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

A. Torque on spin

B. Shift of w + extra gr. force

C. Shift of w + extra gr. force

D extra gr. force

An atom inside a defect will have addt’l contributions to its energy levels
42

Let us call by f, f1, f2, … - real scalar fields from TD sector that 
participate in forming a defect. (More often than not more than 1 field is 
involved). Let us represent SM field by an electron, and a nucleon. 

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

A. Torque on spin

B. Shift of w + extra gr. force

C. Shift of w + extra gr. force

D extra gr. force

An atom inside a defect will have addt’l contributions to its energy levels



The issue of technical naturalness 
Any tree level potential 

Vtree(f) = ctree
0 + ctree

1f + ctree
2f2+�.

Would have to have coefficients ct
i very small to keep evolution slow. 

Loops generate larger corrections 

Vloop(f) = cloop
0 + cloop

1f + cloop
2f2+�.

so that  cloop
i>>ctree

i , One has to start with large and opposite tree-vs-loop 
coefficients cloop

i= - ctree
i to ensure tight cancellation for several terms in 

the series… Very unnatural! Standard problem for scalar portals. 
Importantly, same pessimistic argument does not apply to interactions 
protected by shift symmetry, the axionic portal for example.

(* But may be the approach idea of having rigid technical naturalness 
built in a model is not “quite” right, and we would miss out on 
interesting physics *) 
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“transient LV” and “transient /  “ 

12 

Typical “LV” experiment looks for !
that one can generalize as interaction os a spin i to with the xed gradient 
of the scalar eld a, !
!
!
a-prole ! ! ! The Earth              v!
!
Similarly, existing terrestrial checks of /  etc look for a smooth !
d /dt signal, that is a constant in time. !!
!
And of course TD transient signal can be viewed as generalization of LV 
and “changing coupling” experiments to signals of short duration. !

!!

2

scalar field, it is easy to find that the potential V (φ) is
minimized for the the following values of S and a,

S = S0; a = S0× 0; 2π×
1

N
; 2π×

2

N
;... 2π×

N −1

N
,

(2)
Freezing the Higgs mode to its minimum, S = S0, pro-
duces the effective Lagrangian for the a field,

L a =
1

2
(∂µa)2−V0 sin

2 Na

2S0
, (3)

with V0 = 4λS40. This reduction will happen dynam-
ically if the potential V (φ) is augmented by the addi-
tion of U(1)-symmetricpiece, Vh = λh(2φ∗φ−S20)2, with
λh λ. The spatial field configuration a(r ) interpolat-
ing between two adjacent minima represents a domain-
wall solution. A network of intersecting domain walls is
possible for N ≥3. Thesolution for a domain wall along
xy plane that interpolates between a = 0 and 2πS0/N
neighboring vacua with the center of the wall at z = 0
takes the following form,

a(z) =
4S0
N

×arctan[exp(maz)];
da

dz
=

2S0ma

N cosh(maz)
.

(4)
The characteristic thickness of the wall d is determined
by the mass ma of a (small) excitation of a around
any minimum, d ∼ 2/ma. The mass ma can be ex-
pressed in terms of the original parameters of the po-
tential, ma = NS−10 (V0/2)1/2 = (2λ)1/2NS0. Owing to
the fact that V (φ) can have many different realizations
other than (1), we shall use solution (4) as an example,
rather than a genericdomain-wall profilefor N ≥3. For-
tunately, the exact functional form of this profile is not
crucial for thesubsequent discussion. The important pa-
rameters are S0/N and ma.
Gravitational and astrophysical constraints. From the

macroscopic view at distance scalesmuch larger than d,
thewall can becharacterizedby itsmassper area, refered
to as tension,

σ=
Mass

Area
= dz

da

dz

2

=
8S20ma

N 2
. (5)

The network of domain walls will have an additional
distance-scaleparameter L, an averagedistancebetween
walls, or a characteristic size of a domain. This param-
eter is impossible to calculate without making further
assumptions about the mechanisms of wall formation
and evolution. We treat it as a free variable, and con-
strain themaximum energy density of thedomain walls,
ρDW ∼σ/L in the neighborhood of the Solar System by

the dark-matter energy density, ρDM 0.4 GeV/cm3,

ρDW ≤ρDM =⇒
S0
N

≤0.4 TeV ×
L

10−2 ly
×
neV

ma

1/2

.

(6)

Thisconstraint impliessomeflexibleevolution of thedo-
main wall network and the possibility for them to ef-
ficiently build up their mass inside galaxies. We con-
sider such constraint as the most conservative, i.e. giv-
ing the most relaxed bound on ρDW . If the network
of domain walls is “stiff” and its density inside galax-
ies is not enhanced relative to an average cosmological
value, then a stronger constraint can be derived by re-
quiring that domain walls provide a (sub)dominant con-
tribution to the dark-energy density, ρDW ≤ ρDE , where
ρDE 0.4×10−5GeV/cm3. In that casetheconstraint on
S0/N isstrengthenedby ∼300. A morerealisticscenario
iswhen thenetwork of domain walls is initially isotropic
over the cosmological scales and then dynamically ac-
creted inside the halo. Assuming that in the process of
accretion the distance between domain walls scales the
sameway asdistancebetween dark matter particles, one
arrives at the following constraint ρDW ≤ (ρDM ρ2DE )1/3,
and the constraint on the amplitude of a is strength-
ened by ∼ 50 relative to (6). If the constraint (6)
is saturated, and L = 10−2 ly, then the wall tension
σ ∼ 10−12 GeV 3, which is comparable to constraints
derived elsewhere in the literature [12]. A domain-wall-
crossingevent leadstoa change in the local gravitational
acceleration, ∆ g = 4πGN σ, where GN is the gravita-
tional constant. For the fiducial choice of parameters,
this change does not exceed 10−15 m/s2, which is ex-
ceedingly difficult to detect.
Our choice of the normalization for L and ma in (6)

is suggested by the requirement of having a frequency
of wall-crossing within 10 yr with relative velocity of
v = 10−3c typical for galactic objects, and having the
signal duration in excessof amillisecond. Thischoicecan
beexamined for self-consistency in thecontext of thecos-
mological scenario for the formation of the domain wall
network from randomly distributed ain. Formation will
occur in the early Universe when the Hubble expansion
rate drops below H in ∼ma, at which time the initial
values for L are typically on the order of or just below
the horizon size L in ∝(10−2 −1)/H in. Subsequent ex-
pansion leads to the stretching of L with redshift z as
L(z) = L inzin/(1+ z). It is easy to see that ma ∼neV
leads to the formation of domain walls during the elec-
troweak epoch, H in ∼H(T ∼100GeV), and subsequent
cosmological stretchingcan easily account for thegrowth
of L from O(100m) toa fraction of ly. Weconclude that
our fiducial choice, ma ∼neV and L ∼10−2 ly, fits well
with the cosmological scenario of wall formation.
Thepseudoscalar couplingof thefield a with standard

model fermions, f i
−1∂µaψ̄iγµγ5ψi , leads to the interac-

tion of spinsof atomicconstituents to thegradient of the
scalar field,

H int =
i = e,n,p

2f −1i ∇a·si , (7)

wheref i arefreeparametersof themodel with dimension
of energy. For light scalars of interest, the astrophysical
bounds apply and limit f n,p,e > 109 GeV [13].

Naturalness problem

Weassumeddimension 5operatorswithout checkingwhether
dimension 3 exist. They do! Seee.g. papersby A. Kostelecky.
Again, for QED,

L
(3)
QED = −bµψ̄γµγ5ψ−

1

2
Hµνψ̄σµνψ−kµ

µναβAν
∂

∂xαAβ,

Dimension three coefficients can be induced from dimension 5
via quantum loopswith a predictableoutcome,

bµ ∼(loop factor)×ξ
Λ2UV
MPl

.

It is a disaster unless either fine-tuning happens, or Λ2UV-
divergence is absent, or the cutoff scale ismoderate to low.

Another example, in NC QED,

L eff = (two loop factor)×Λ2UVθµνmeψ̄σµνψ

Very largedimension 3operator will be induced ifΛ2θ∼O(1).
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scalar field, it is easy to find that the potential V (φ) is
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N
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2

N
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N −1

N
,

(2)
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1

2
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2S0
, (3)
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to as tension,

σ=
Mass

Area
= dz

da

dz

2

=
8S20ma

N 2
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and the constraint on the amplitude of a is strength-
ened by ∼ 50 relative to (6). If the constraint (6)
is saturated, and L = 10−2 ly, then the wall tension
σ ∼ 10−12 GeV 3, which is comparable to constraints
derived elsewhere in the literature [12]. A domain-wall-
crossingevent leadstoa change in the local gravitational
acceleration, ∆ g = 4πGN σ, where GN is the gravita-
tional constant. For the fiducial choice of parameters,
this change does not exceed 10−15 m/s2, which is ex-
ceedingly difficult to detect.
Our choice of the normalization for L and ma in (6)

is suggested by the requirement of having a frequency
of wall-crossing within 10 yr with relative velocity of
v = 10−3c typical for galactic objects, and having the
signal duration in excessof amillisecond. Thischoicecan
beexamined for self-consistency in thecontext of thecos-
mological scenario for the formation of the domain wall
network from randomly distributed ain. Formation will
occur in the early Universe when the Hubble expansion
rate drops below H in ∼ma, at which time the initial
values for L are typically on the order of or just below
the horizon size L in ∝(10−2 −1)/H in. Subsequent ex-
pansion leads to the stretching of L with redshift z as
L(z) = L inzin/(1+ z). It is easy to see that ma ∼neV
leads to the formation of domain walls during the elec-
troweak epoch, H in ∼H(T ∼100GeV), and subsequent
cosmological stretchingcan easily account for thegrowth
of L from O(100m) toa fraction of ly. Weconclude that
our fiducial choice, ma ∼neV and L ∼10−2 ly, fits well
with the cosmological scenario of wall formation.
Thepseudoscalar couplingof thefield a with standard

model fermions, f i
−1∂µaψ̄iγµγ5ψi , leads to the interac-

tion of spinsof atomicconstituents to thegradient of the
scalar field,

H int =
i = e,n,p

2f −1i ∇a·si , (7)

wheref i arefreeparametersof themodel with dimension
of energy. For light scalars of interest, the astrophysical
bounds apply and limit f n,p,e > 109 GeV [13].

Naturalness problem

Weassumeddimension 5operatorswithout checkingwhether
dimension 3 exist. They do! Seee.g. papersby A. Kostelecky.
Again, for QED,

L
(3)
QED = −bµψ̄γµγ5ψ−

1

2
Hµνψ̄σµνψ−kµ

µναβAν
∂

∂xαAβ,

Dimension three coefficients can be induced from dimension 5
via quantum loopswith a predictableoutcome,

bµ ∼(loop factor)×ξ
Λ2UV
MPl

.

It is a disaster unless either fine-tuning happens, or Λ2UV-
divergence is absent, or the cutoff scale ismoderate to low.

Another example, in NC QED,

L eff = (two loop factor)×Λ2UVθµνmeψ̄σµνψ

Very largedimension 3operator will be induced ifΛ2θ∼O(1).
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of energy. For light scalars of interest, the astrophysical
bounds apply and limit |f n,p,e|> 109 GeV [17].
The principles of sensitive atomic magnetometry are,

for example, described in Ref. [19]. A typical device
would use paramagnetic atomic species such as K, Cs,
or Rb by themselvesor in combination with diamagnetic
atomswhosemagneticmomentsaregenerated by nuclear
spin (e.g., thespin-exchange-relaxation-free[SERF]3He-
K magnetometer described in Ref. [20]). Specializing (7)
for the case of two atomic species, 133Cs in the F = 4
state and 3He in the F = 1/2 state, we calculate the en-
ergy difference ∆ E between the Fz = F and Fz = −F
states in themiddle of thewall,

H int =
F ·∇a

F f eff
; f −1eff (Cs) =

1

f e
−

7

9f p
; f −1eff (He) =

1

f n
;

∆ E =
4S0ma

N f eff
10−15 eV×

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
,(8)

In these formulae we assumed that the nuclear spin is
mostly due to unpaired neutron (3He) or g7/2 valence

proton (133Cs), and one can readily observe complemen-
tary sensitivity to f i in two cases. We can express these
results in termsof the equivalent “magnetic field” inside
the wall using µBeffF/F = ∇aF/(F f eff) identification,
whereµ isthenuclear magneticmoment. Themagnitude
of Beff (direction is impossible to predict) is given by

Bmax
eff

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
×

10−11 T (Cs)
−10−8 T (He)

,(9)

and the larger equivalent field strength for 3Heoriginates
from its smaller magnetic moment. The couplings and
wall parameters in Eq. (9) are normalized to the maxi-
mum allowed values from Eq. (6). The duration of the
signal isgiven by the ratio of wall thickness to the trans-
verse component of the relative Earth-wall velocity,

∆ t
d

v⊥
=

2

mav⊥
= 1.3ms×

neV

ma
×
10−3

v⊥/c
. (10)

Such crossing timecan easily be in excessof theCsmag-
netometer response time tr , and we can combine the
Bmax
eff and ∆ t into a signal factor S = Bmax

eff (∆ t)1/2 to
be directly compared to experimental sensitivity,

S
0.4pT
√
Hz

×
109GeV

f eff
×

S0/N

0.4TeV
×

ma

neV

10−3

v⊥/c

1/2

≤
0.4pT
√
Hz

×
109GeV

f eff
×

L

10−2 ly

10−3

v⊥/c

1/2

, (11)

where in the inequality we used the gravitational con-
straint fromEq. (6). Themaximally allowed valuefor the

signal (∼pT/
√
Hz), after taking into account the gravi-

tational and astrophysical constraints, exceeds capabili-
ties of modern magnetometers that can deliver fT/

√
Hz

sensitivity [19]. For the 3He-K SERF magnetometer, the
more appropriate figure of merit would be the tipping

angle of the helium spin after the wall crossing, assum-
ing that the typical crossing time isbelow thedynamical
response time. Taking the spins to be oriented parallel
to thewall, we calculate this angle to be

∆ θ=
4πS0

v⊥N f eff
5×10−3 rad×

109GeV

f eff
×
10−3

v⊥/c
×

S0/N

0.4TeV
.

(12)
Thiscould be far in excessof 10-nrad tippingangles that
can beexperimentally detected [21]. Thus, both typesof
magnetometers offer ample opportunities for a realistic
detection of thewall-crossing events.
So far we have used the galactic constraints (6),

ρDW ≤ ρDM . It is noteworthy that even if the energy
density of walls in the galaxy does not exceed cosmolog-
ical dark-energy density, i.e. ρDW ≤ ρDE , the expected
signal can reach ∆ θ∼10−5 rad and S ∼fT

√
Hz, which

is still a realistic signal for detection with the best mag-
netometers. It is remarkable that a possibledomain-wall
component of dark energy can, in principle, be detected
in the laboratory.
Network of synchronized magnetometers. While a sin-

glemagnetometer issensitiveenough todetect a domain-
wall crossing, due to the rarity of such events it would
beexceedingly difficult toconfidently distinguish a signal
from falsepositivesinducedby occasional abrupt changes
of magnetometer-operation conditions, e.g., magnetic-
field spikes, laser-light-mode jumps, etc. A global net-
work of synchronized optical magnetometersisan attrac-
tivetool tosearch for galactic/cosmological domainwalls,
as it would allow for efficient vetoes of false domain-
wall crossing events. We also note that comagnetome-
ter schemes involving either a second spin species or
SQUID magnetometers could yield additional suppres-
sion of false-positive events arising from local field fluc-
tuationsor changes in operatingconditions. Asschemat-

FIG. 1: Schematic figure of the domain-wall crossing. The cross-
ings recorded in four distinct locations (mark with stars) at t i allow
to determine the normal velocity v⊥ and predicting the timing of
the 5t h event.
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of energy. For light scalars of interest, the astrophysical
bounds apply and limit |f n,p,e|> 109 GeV [17].
The principles of sensitive atomic magnetometry are,

for example, described in Ref. [19]. A typical device
would use paramagnetic atomic species such as K, Cs,
or Rb by themselvesor in combination with diamagnetic
atomswhosemagneticmomentsaregeneratedby nuclear
spin (e.g., thespin-exchange-relaxation-free[SERF]3He-
K magnetometer described in Ref. [20]). Specializing (7)
for the case of two atomic species, 133Cs in the F = 4
state and 3He in the F = 1/2 state, we calculate the en-
ergy difference ∆ E between the Fz = F and Fz = −F
states in themiddle of thewall,

H int =
F ·∇a

F f eff
; f −1eff (Cs) =

1

f e
−

7

9f p
; f −1eff (He) =

1

f n
;

∆ E =
4S0ma

N f eff
10−15 eV×

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
,(8)

In these formulae we assumed that the nuclear spin is
mostly due to unpaired neutron (3He) or g7/2 valence
proton (133Cs), and onecan readily observe complemen-
tary sensitivity to f i in two cases. We can express these
results in termsof the equivalent “magnetic field” inside
the wall using µBeffF/F = ∇aF/(F f eff) identification,
whereµ isthenuclear magneticmoment. Themagnitude
of Beff (direction is impossible to predict) is given by

Bmax
eff

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
×

10−11 T (Cs)
−10−8 T (He)

,(9)

and thelarger equivalent field strength for 3Heoriginates
from its smaller magnetic moment. The couplings and
wall parameters in Eq. (9) are normalized to the maxi-
mum allowed values from Eq. (6). The duration of the
signal isgiven by the ratioof wall thickness to the trans-
verse component of the relative Earth-wall velocity,

∆ t
d

v⊥
=

2

mav⊥
= 1.3ms×

neV

ma
×
10−3

v⊥/c
. (10)

Such crossing timecan easily be in excessof theCsmag-
netometer response time tr , and we can combine the
Bmax
eff and ∆ t into a signal factor S = Bmax

eff (∆ t)1/2 to
be directly compared to experimental sensitivity,

S
0.4pT
√
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×
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f eff
×
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×
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, (11)

where in the inequality we used the gravitational con-
straint fromEq. (6). Themaximally allowedvaluefor the

signal (∼pT/
√
Hz), after taking into account the gravi-

tational and astrophysical constraints, exceeds capabili-
ties of modern magnetometers that can deliver fT/

√
Hz

sensitivity [19]. For the 3He-K SERF magnetometer, the
more appropriate figure of merit would be the tipping

angle of the helium spin after the wall crossing, assum-
ing that the typical crossing time isbelow thedynamical
response time. Taking the spins to be oriented parallel
to thewall, we calculate this angle to be

∆ θ=
4πS0

v⊥N f eff
5×10−3 rad×

109GeV

f eff
×
10−3

v⊥/c
×
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.

(12)
Thiscould befar in excessof 10-nrad tippingangles that
can beexperimentally detected [21]. Thus, both typesof
magnetometers offer ample opportunities for a realistic
detection of thewall-crossing events.
So far we have used the galactic constraints (6),

ρDW ≤ ρDM . It is noteworthy that even if the energy
density of walls in the galaxy doesnot exceed cosmolog-
ical dark-energy density, i.e. ρDW ≤ ρDE , the expected
signal can reach ∆θ∼10−5 rad and S ∼fT

√
Hz, which

is still a realistic signal for detection with the best mag-
netometers. It is remarkable that a possibledomain-wall
component of dark energy can, in principle, be detected
in the laboratory.
Network of synchronized magnetometers. While a sin-

glemagnetometer issensitiveenough todetect adomain-
wall crossing, due to the rarity of such events it would
beexceedingly difficult toconfidently distinguish a signal
from falsepositivesinducedby occasional abrupt changes
of magnetometer-operation conditions, e.g., magnetic-
field spikes, laser-light-mode jumps, etc. A global net-
work of synchronized optical magnetometersisan attrac-
tivetool tosearch for galactic/cosmological domainwalls,
as it would allow for efficient vetoes of false domain-
wall crossing events. We also note that comagnetome-
ter schemes involving either a second spin species or
SQUID magnetometers could yield additional suppres-
sion of false-positive events arising from local field fluc-
tuationsor changesin operatingconditions. Asschemat-

FIG. 1: Schematic figure of the domain-wall crossing. The cross-
ings recorded in four distinct locations (mark with stars) at t i allow
to determine the normal velocity v⊥ and predicting the timing of
the 5t h event.
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of energy. For light scalars of interest, the astrophysical
bounds apply and limit |f n,p,e|> 109 GeV [17].
The principles of sensitive atomic magnetometry are,

for example, described in Ref. [19]. A typical device
would use paramagnetic atomic species such as K, Cs,
or Rb by themselvesor in combination with diamagnetic
atomswhosemagneticmomentsaregeneratedby nuclear
spin (e.g., thespin-exchange-relaxation-free[SERF]3He-
K magnetometer described in Ref. [20]). Specializing (7)
for the case of two atomic species, 133Cs in the F = 4
state and 3He in theF = 1/2 state, we calculate the en-
ergy difference ∆E between the Fz = F and Fz = −F
states in themiddle of thewall,

H int =
F ·∇a

F f eff
; f −1eff (Cs) =

1

f e
−

7

9f p
; f −1eff (He) =

1

f n
;

∆ E =
4S0ma

N f eff
10−15 eV×

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
,(8)

In these formulae we assumed that the nuclear spin is
mostly due to unpaired neutron (3He) or g7/2 valence
proton (133Cs), and onecan readily observe complemen-
tary sensitivity to f i in two cases. We can express these
results in termsof theequivalent “magnetic field” inside
the wall using µBeffF/F = ∇aF/(F f eff) identification,
whereµ isthenuclear magneticmoment. Themagnitude
of Beff (direction is impossible to predict) is given by

Bmax
eff

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
×

10−11 T (Cs)
−10−8 T (He)

,(9)

and the larger equivalent field strength for 3Heoriginates
from its smaller magnetic moment. The couplings and
wall parameters in Eq. (9) are normalized to the maxi-
mum allowed values from Eq. (6). The duration of the
signal isgiven by the ratioof wall thickness to the trans-
verse component of the relative Earth-wall velocity,
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=
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mav⊥
= 1.3ms×
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ma
×
10−3
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. (10)

Such crossing timecan easily be in excessof theCsmag-
netometer response time tr , and we can combine the
Bmax
eff and ∆ t into a signal factor S = Bmax

eff (∆ t)1/2 to
be directly compared to experimental sensitivity,
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where in the inequality we used the gravitational con-
straint fromEq. (6). Themaximally allowedvaluefor the

signal (∼pT/
√
Hz), after taking into account the gravi-

tational and astrophysical constraints, exceeds capabili-
ties of modern magnetometers that can deliver fT/

√
Hz

sensitivity [19]. For the 3He-K SERF magnetometer, the
more appropriate figure of merit would be the tipping

angle of the helium spin after the wall crossing, assum-
ing that the typical crossing time isbelow thedynamical
response time. Taking the spins to be oriented parallel
to thewall, we calculate this angle to be

∆ θ=
4πS0

v⊥N f eff
5×10−3 rad×

109GeV

f eff
×
10−3

v⊥/c
×

S0/N

0.4TeV
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(12)
Thiscould befar in excessof 10-nrad tippinganglesthat
can beexperimentally detected [21]. Thus, both typesof
magnetometers offer ample opportunities for a realistic
detection of thewall-crossing events.
So far we have used the galactic constraints (6),

ρDW ≤ ρDM . It is noteworthy that even if the energy
density of walls in thegalaxy doesnot exceed cosmolog-
ical dark-energy density, i.e. ρDW ≤ ρDE , the expected
signal can reach ∆ θ∼10−5 rad and S ∼fT

√
Hz, which

is still a realistic signal for detection with the best mag-
netometers. It is remarkable that a possibledomain-wall
component of dark energy can, in principle, be detected
in the laboratory.
Network of synchronized magnetometers. While a sin-

glemagnetometer issensitiveenough todetect adomain-
wall crossing, due to the rarity of such events it would
beexceedingly difficult toconfidently distinguish a signal
from falsepositivesinducedby occasional abrupt changes
of magnetometer-operation conditions, e.g., magnetic-
field spikes, laser-light-mode jumps, etc. A global net-
work of synchronizedoptical magnetometersisan attrac-
tivetool tosearch for galactic/cosmological domainwalls,
as it would allow for efficient vetoes of false domain-
wall crossing events. We also note that comagnetome-
ter schemes involving either a second spin species or
SQUID magnetometers could yield additional suppres-
sion of false-positive events arising from local field fluc-
tuationsor changesin operatingconditions. Asschemat-
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of energy. For light scalars of interest, the astrophysical
bounds apply and limit |f n,p,e|> 109 GeV [17].
The principles of sensitive atomic magnetometry are,

for example, described in Ref. [19]. A typical device
would use paramagnetic atomic species such as K, Cs,
or Rb by themselvesor in combination with diamagnetic
atomswhosemagneticmomentsaregenerated by nuclear
spin (e.g., thespin-exchange-relaxation-free[SERF]3He-
K magnetometer described in Ref. [20]). Specializing (7)
for the case of two atomic species, 133Cs in the F = 4
state and 3He in the F = 1/2 state, we calculate the en-
ergy difference ∆ E between the Fz = F and Fz = −F
states in themiddle of thewall,

H int =
F ·∇a

F f eff
; f −1eff (Cs) =

1

f e
−

7

9f p
; f −1eff (He) =

1

f n
;

∆ E =
4S0ma

N f eff
10−15 eV×

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
,(8)

In these formulae we assumed that the nuclear spin is
mostly due to unpaired neutron (3He) or g7/2 valence

proton (133Cs), and one can readily observe complemen-
tary sensitivity to f i in two cases. We can express these
results in termsof the equivalent “magnetic field” inside
the wall using µBeffF/F = ∇aF/(F f eff) identification,
whereµ isthenuclear magneticmoment. Themagnitude
of Beff (direction is impossible to predict) is given by

Bmax
eff

ma

neV
×
109GeV

f eff
×

S0/N

0.4TeV
×

10−11 T (Cs)
−10−8 T (He)

,(9)

and the larger equivalent field strength for 3Heoriginates
from its smaller magnetic moment. The couplings and
wall parameters in Eq. (9) are normalized to the maxi-
mum allowed values from Eq. (6). The duration of the
signal isgiven by the ratio of wall thickness to the trans-
verse component of the relative Earth-wall velocity,

∆ t
d

v⊥
=

2

mav⊥
= 1.3ms×

neV

ma
×
10−3

v⊥/c
. (10)

Such crossing timecan easily be in excessof theCsmag-
netometer response time tr , and we can combine the
Bmax
eff and ∆ t into a signal factor S = Bmax

eff (∆ t)1/2 to
be directly compared to experimental sensitivity,

S
0.4pT
√
Hz

×
109GeV

f eff
×

S0/N

0.4TeV
×

ma

neV

10−3

v⊥/c

1/2

≤
0.4pT
√
Hz

×
109GeV

f eff
×

L

10−2 ly

10−3

v⊥/c

1/2

, (11)
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more appropriate figure of merit would be the tipping
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Thiscould be far in excessof 10-nrad tippingangles that
can beexperimentally detected [21]. Thus, both typesof
magnetometers offer ample opportunities for a realistic
detection of thewall-crossing events.
So far we have used the galactic constraints (6),

ρDW ≤ ρDM . It is noteworthy that even if the energy
density of walls in the galaxy does not exceed cosmolog-
ical dark-energy density, i.e. ρDW ≤ ρDE , the expected
signal can reach ∆ θ∼10−5 rad and S ∼fT

√
Hz, which

is still a realistic signal for detection with the best mag-
netometers. It is remarkable that a possibledomain-wall
component of dark energy can, in principle, be detected
in the laboratory.
Network of synchronized magnetometers. While a sin-

glemagnetometer issensitiveenough todetect a domain-
wall crossing, due to the rarity of such events it would
beexceedingly difficult toconfidently distinguish a signal
from falsepositivesinducedby occasional abrupt changes
of magnetometer-operation conditions, e.g., magnetic-
field spikes, laser-light-mode jumps, etc. A global net-
work of synchronized optical magnetometersisan attrac-
tivetool tosearch for galactic/cosmological domainwalls,
as it would allow for efficient vetoes of false domain-
wall crossing events. We also note that comagnetome-
ter schemes involving either a second spin species or
SQUID magnetometers could yield additional suppres-
sion of false-positive events arising from local field fluc-
tuationsor changes in operatingconditions. Asschemat-

FIG. 1: Schematic figure of the domain-wall crossing. The cross-
ings recorded in four distinct locations (mark with stars) at t i allow
to determine the normal velocity v⊥ and predicting the timing of
the 5t h event.
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FIG. 1: Schematic figure of the domain-wall crossing. The cross-
ings recorded in four distinct locations (mark with stars) at ti allow
to determine the normal velocity v⊥ and predicting the timing of
the 5t h event.
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Take home message for Part III

Current technologies allow probing areas of the parameter space of 
transient effects due to TD DM, that are currently not ruled by 
astrophysics, collider constraints, or the energy density budget. 

By creating a network of magnetometers, and using the existing 
networks of atomic clocks and GW detectors in a slightly different 
regime, one can make an interesting step forward in constraining/probing 
DM composed of extended in space objects. 
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