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The relaxion & its log crisis   
opportunities across frontiers
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Outline

 Intro: the (relaxion) log crisis/opportunity.  

 Briefly: why collider might be important ? why accelerators are important ? 

 The precision front:  

  ultra light scalar dark matter (DM), halo => slow & fast oscillating VEVs; 

  ultra light pseudo scalar DM (halo)  

  Conclusions.
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ATLAS and CMS have a comprehensive program of 
searches for new physics decaying to 3rd gen. particles 
Results are starting to become available with the full 
Run 2 dataset

Summary and Outlook
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No significant 
excess has been 

observed yet.

New Physics?

Higgs & new physics
For > 40 yrs Higgs served us as anchor to determine the new phys. (NP) scale.

Sym’ based solution to Naturalness <=> TeV NP
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NP searches according to leading paradigm, driven by E-frontier

LHCP19: Suarez on behalf of the ATLAS & CMS 
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No significant deviation from the standard model 
is observed with early Run 2 data 

Both inclusive and dedicated searches sensitive 
to 3rd generation squark production

Run 2 Stop Searches

 6

on linear scale:



Higgs @ 21st century => crisis & opportunity
 New ideas & null LHC results cast tiny doubt on this paradigm. 

eg: “Cosmic attractors”, “dynamical relaxation”, “N-naturalness”, “relating the weak-scale to the CC” & “inflating the Weak scale”. 
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 Are they all anthropic solution for the weak scale ? Is it satisfying for the 

weak scale? Giudice, Kehagias & Riotto; Kaloper & Westphal; Dvali (19); 
Agrawal, Barr, Donoghue & Seckel (98) Harnik, Kribs & GP (06);
Gedalia, Jenkins & GP (11)



Higgs @ 21st century => crisis & opportunity
 New ideas & null LHC results cast tiny doubt on this paradigm. 

eg: “Cosmic attractors”, “dynamical relaxation”, “N-naturalness”, “relating the weak-scale to the CC” & “inflating the Weak scale”. 

Bottomline here: relaxion is ALP-DM that (due to CP violation) can be described as 

scalar mixes \w the Higgs (Kim’s talk). Flacke, Frugiuele, Fuchs, Gupta & GP; Choi & Im (16)
Banerjee, Kim & GP (18)
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Graham, Kaplan & Rajendran (15)

 New scalar common to several of above: concretely let us consider the relaxion:                 

under some assumption allows for a concrete QFT realisation.

However, searching the relaxion => log crisis as follows:



The relaxion (Higgs portal) parameter space & the log crisis
Overview plot: the relaxion 30-decade-open parameter space
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Prelim: Banerjee, Kim, Matsedonski, GP, Safranova



Relaxion @ colliders & accelerators? 
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They cover only small part of the parameter space. 

They nevertheless can potentially cover the whole relevant range.



The relaxion parameter space

As effective relaxion models can be described as a Higgs portal:

LS ∈ m2
S SS + μSH†H + λS2H†H , with S = light scalar & H = SM Higgs . 

Naive naturalness implies: sin θ ≃ μ/⟨H⟩ ≲
mS

⟨H⟩
& λ ≲

m2
S

⟨H⟩2
.

As you see in following plot it is very hard to probe the natural region:
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However, as show in yesterday talk by H. Kim the “relaxed”-relaxion parameter 
space, goes well above the natural mixing region! 



2 differences from generic Higgs portal  
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(i)  Lower + upper bound on mixing angle (implications of compact parameter manyfold)  

(ii) Parity-odd-ALP



Overview: collider probes of relaxion

Fuchs, Grojean, Matsedonski, GP, Savoray, Schlaffer;

Frugiuele, Fuchs, GP &  Schlaffer (18)
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Figure 6. Bounds on sin2 ✓ and m� arising from direct and indirect probes at the LHC, HL-LHC,
CLIC and FCC-ee, also indicated are additional prompt bounds given in [? ].
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Overview: accelerator probes of relaxion

Prelim: Banerjee, Kim, Matsedonski, GP, Safranova
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K ! ⇡ + inv.
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Figure 5. Parameter space for heavier relaxion. The region between the green lines represent the
parameter space for relaxion when it is stopped at the first minimum; n = 1. The top and the bottom
green lines represent maximum and minimum angle in n = 1 case. The black dotted line represents
sin ✓h� = m�/v denoted as “naturalness line” in the figure. Black solid line represent minimum
mixing angle for a generic axonic higgs portal model. The yellow shaded region is constrained by
SN1987A [26–28] observation. The brown shaded region is excluded by various star-cooling bounds
coming from RG and HB stars [21, 23, 24], where blue shaded region is excluded by XENON1T [25]
experiment for relaxion production at the solar core. Turquoise shaded region is constrained by E949
experiment [31] data. Blue shaded region is excluded by Belle [32], BABAR [33] and LHCb [34, 35].
The red shaded region is excluded by CHARM [36] experiment whereas sensitivity coming from
future experiments are plotted in dashed lines. Reinterpretation of recent KOTO result [37, 38] is
denoted by solid cyan line.

on scalar-electron Yukawa coupling, L � �g�ee�ēe, is obtained from the evolution of red
giants, constraining the Yukawa coupling as g�ee < 7 ⇥ 10

�16 [24]. This can be translated
as a bound on relaxion-Higgs mixing angle, and is shown as a brown shaded region in the
figure. In addition to the stellar evolution constraints, the relaxion with the mass below keV
scale can be copiously produced from the Sun, whose flux can be probed by terrestrial dark
matter detectors. It is shown in [25] that the liquid xenon detectors, such as XENON1T
and LUX, places constraints as g�ee . 2⇥10

�15, which is a factor three weaker than stellar
cooling constraints. This is shown as a gray shaded region in the figure. We also show a
constraint coming from SN1987A [26–28] which was recasted in [29] as yellow shaded region,
while we note that the SN1987A constraint on light new physics is questionable given the
current understanding of supernova explosion [30].

– 18 –

KOTO anomaly
Kitahara, Okui, GP, 
Soreq & Tobioka (19)



The log-crisis => precision front plays critical role 

12

Prelim: Banerjee, Kim, Matsedonski, GP, Safranova



Hunting for ultra light relaxion DM - roadmap

- Scalar effects:  
[(i)   5th force/equivalence principles;] 
 (ii)  DM, slow oscillations - clock-clock comparison; 
 (iii) DM, rapid oscillation - clock-clock & clock-cavity & cavity-cavity (?!)       
         comparisons; 
 (iv) DM properties (local density vs halo). 

- Pseudo scalar, axial effect: 
[(i)long range axion coupling;] 
 (ii) correlated axion DM signals; 
 (iii) DM property (local density vs halo)
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Scalar DM & oscillating of constants

Generically, time-varying scalar => variations of fundamental constants.
Damour & Polyakov (94); Barrow, (99)

Scalar (dilaton) DM could induce an oscillation of fundamental constants.
Arvanitaki, Huang & Van Tilburg (15)

We can use local quantum field theory (QFT) description to avoid 
confusions <=> scalar background is the only object that oscillates. 

Antypas, Budker, Flambaum, Kozlov, GP  & Ye (19)

Here we only focus on leading order, linear, with respects to scalar DM,   
as the scalar has quantum number can be “glued“ to any SM operator: 

L � sin ✓h�
�

v

h
�mf f̄f +

c�
4⇡

FF +
cg
4⇡

GG
i
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ℒϕ ∈ + …
_



Relaxion/Higgs-portal & benchmarking

The relaxion DM provides us with a concrete & simple realisation of the 
idea (via dynamical misalignment, see yesterday’s talk), via it is Higgs mixing:

5
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FIG. 1. A parameter space for coherent relaxion dark matter in the plane of relaxion mass and decay constant (left), and in
the plane of relaxion mass and mixing angle with the Higgs (right). The cuto↵ is chosen as ⇤ = 1TeV for both figures. The red
lines describe regions consistent with the observed DM relic density without dark photon, while the black lines are with dark
photon. We have chosen Tra = 150GeV (dotted), 50GeV (dashed), and 15GeV (solid). The red shaded region is excluded by
experiments testing long-range forces [25–27] following the procedure described in [19], and the blue shaded region corresponds
to ⇤br & v. The blue dashed line in the left panel corresponds to �

3⇤4
br = (HI)

4
max = (⇤4

br/f)
4/3 above which the fourth root

of the potential barrier at the first local minimum is already larger than the maximum inflationary Hubble scale, (HI)max. In
the orange shaded region (right), the relaxion decays into two dark photons, leaving observable signatures in CMB spectrum.
Above the orange dashed line in the right panel, the relaxion decay constant takes super-Planckian value.

was in its last phase of preparation.
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Appendix A: Equations of motion and asymptotic

behavior of relaxion

The equations of motion for relaxion and dark photon
are given as

0 = �̈ + 3H�̇ +
@V (v, �)
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+

rX

4fa4
hXµ⌫

eXµ⌫
i, (A1)
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where the prime and overdot denote a derivative with
respect to the conformal time and the physical time, re-
spectively, and ✓ ⌘ �/f . The metric is given as

ds
2 = dt
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2(t)�ijdx
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j
. (A3)

To investigate how the particle production a↵ects the re-
laxion evolution, it is more convenient to write the source

term in the relaxion equation of motion in Fourier space,
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Since the relaxion velocity is ✓
0

> 0 in our convention,
only � = + helicity is exponentially produced, while � =
� helicity state remains almost vacuum fluctuation.

The relaxion evolution before the particle production
is dominantly governed by the slope of the relaxion po-
tential. At the very beginning of relaxion evolution, its
solution in radiation dominated universe is approximated
as
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t

⌘5/2
�
, (A5)

|��(t)| =
1

5
g⇤3

t
2


1 � 5

⇣
trh

t

⌘2
+ 4

⇣
trh

t

⌘5/2
�

, (A6)

where trh is the physical time at the reheating. Using this
approximate solution, we can estimate the time scale that
the particle production becomes important. For this pur-
pose, we use WKB approximation to solve the equation
of motion for dark photon, and find

X+(k, ⌧) ⇡
e

R ⌧ d⌧ 0 ⌦k(⌧ 0)

p
2⌦k(⌧)

⌘
e
gk(⌧)

p
2⌦k(⌧)

, (A7)

where the frequency is defined as ⌦2
k(⌧) = rXk✓

0
� k

2,
and gk(⌧) ⌘

R ⌧
d⌧

0 ⌦k(⌧ 0). This approximation is valid
only when |⌦0

k/⌦2
k| ⌧ 1, which is translated into

1

4rX

����
✓
002

✓04

���� < k/|✓
0
| < rX . (A8)

Banerjee, Kim & GP (18)
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;       for instance: δme

me
≲ ye sinϕh

ρDM

me mϕ
sin (mϕt)



Hunting oscillating DM, strategy & scales
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How to search for the time variation? 

PTB (14)

General: find 2 systems \w different dependence of scalar background.

Classical ex.: clock comparisons: δE1,2 ≡ ν1,2 = f1,2(αξ1,2
α , αξ1,2

αs
s , mξ1,2

me
e , m

ξ1,2
mq

q )

R∞ ∝ α2 (me + O(me /mA)) , R−1
Bohr ∝ α(me + …) , …

Fractional change of the frequency ratio: Δ (fA /fB)
fA /fB [see Safronova,Budker, DeMille, Kimball, Derevianko & Clark (18) for recent review]



Relaxion oscillating DM, scales
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Relaxion-Higgs mixing => Higgs VEV oscillation:

simply don't know, yet, what their mass might be, what (feeble) interactions they

might have, or what their cosmological history might have been. Thus we need

different experiments to probe different sets of models.

Our research focuses on an interesting candidate called a relaxion, which interacts

with ordinary matter in a way that is very similar to the Higgs boson. While the Higgs

boson gives a constant mass to the electron, the relaxion field in our galaxy would

oscillate and induce fluctuations in the electron's mass. This in turn modifies electron

orbits and can be searched for in table-top experiments that measure, for example,

the energy levels in atomic transitions. This is a unique and striking signal... but

difficult to probe. The current reach of experiments is truly impressive; depending on

the relaxion mass, current sensitivity allows searches for oscillations at the level of

1 part in 10  (!). Yet, because the relaxion is so weakly coupled, these experiments

have not been able to probe the model of relaxion dark matter.

Relaxion dark matter would induce oscillations in the Higgs field, which induce oscillations in the

19
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Banerjee, Budker, Eby, Kim & GP (19)
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Problem with several scales: (for instance we use below)

DM oscillating time: τDM ∼ 1s ×
10−15eV

mDM

DM coherent time: τco
DM ∼ 106s ×

10−15eV
mDM

×
106

β2

Exp. ave stability time:  s - total integration time τsta ∼ 1s; T ∼ 106

Exp. cycle time: τcyc ∼ 10−3s



Slow oscillation, long DM coherence, clock comparisons

18

Let us assume for simplicity that   is the longer scale in problem. τco
DM

The sensitivity will be give by:

SNR =
Δ( fA/fB)/( fA/fB)

σy(τsta)
× T (σy(τ) = 10−15/ τ Hz)

As the signal goes like , we find that  .ϕ ∼ 1/mϕ sin θbound
hϕ ∝ 1/mϕ
Arvanitaki, Huang & Van Tilburg (15)



Rapid oscillation vs. cycle time

19

If                            we can’t average over full ave. time, instead we 
optimise result by averaging of “DM-cycle” time.

The sensitivity will be give by   .sin θbound
hϕ ∝ 1/m3/2

ϕ

τcyc < τDM < τave

If  we only get residual contribution from last oscillation.τDM < τcyc < τave

The sensitivity will be give by   .sin θbound
hϕ ∝ 1/m2

ϕ Derevianko (16),  



Ideal system
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The largest coupling of the relaxion is to the gluons.

The strongest sensitivity would be  via a clock where the energy levels are 
prop to the QCD scale => (229Th) nuclear clock (there’s big uncer.!):

The atomic clock transition can be used to probe such oscillations of fundamental con-
stants [54].

We briefly discuss the projected sensitivity from a clock comparison test, while we refer
interested readers to [54, 55] for more detailed descriptions. Consider an atom A and B

and corresponding clock transition frequency fA,B. The ratio of clock transition frequency
fA/fB depends on the fine structure constant ↵, and the ratio between nuclear magnetic
moment and Bohr magneton, µN/µB. Any periodic variation on these quantities leads to an
oscillating signal in the observable fA/fB. If one parametrizes the clock transition frequency
as fA / (µN/µB)

⇣A↵
⇠A+2 with coefficients ⇣A and ⇠A describing the sensitivity of the clock

transition frequency on µN/µB and ↵ [54, 55], one easily find the fractional change of the
frequency ratio is given as

�fA/fB

fA/fB
' (⇣A � ⇣B)

�(µN/µB)

µN/µB
+ (⇠A � ⇠B)

�↵

↵
, (4.32)

where the coefficients ⇣A,B and ⇠A,B can be found in [54, 55]. Note that µN/µB / (gNme/gemp)

where g is g-factor, me,p is the mass of electron and proton. This fractional change of the
transition frequency is measured after averaging over ⌧ , and repeated until the total experi-
mental time scale T is reached. This procedure constitute a time series of �(fA/fB)/(fA/fB),
and discrete Fourier transform allows one to find whether there is an excess power at a cer-
tain frequency due to the dark matter.

The clock stability is described by Allan deviation �y(⌧) / 1/
p

⌧ . For a given averaging
time ⌧ , the signal-to-noise ratio scales as SNR / 1/m� since the frequency ratio (4.32)
linearly depends on � =

p
2⇢/m�. This scaling of signal-to-noise ratio is valid as long as

m� . 1/⌧ , i.e. the period of dark matter oscillation is longer than the averaging time. For
m� & 1/⌧ , there are many oscillations of fA/fB during ⌧ , and an averaged fA/fB / �

has additional suppression factor of 1/m�, from which one finds that the signal-to-noise
ratio scales as SNR / 1/m

2

� [56]. A better sensitivity could be obtained by choosing smaller
averaging time. A smaller averaging time allows one to search a high frequency oscillation
at the price of larger uncertainty �y(⌧) / 1/

p
⌧ /

p
m�. In this case, the signal-to-noise

ratio scales as SNR / 1/m
3/2
� . For the projected sensitivity in Fig. 6 (red), we have chosen

�y(⌧) = 10
�15

/
p

⌧ Hz for a short term stability of the clock, while varying the averaging
time from 10 sec to 1 ms. In addition, we have used

�fA/fB

fA/fB
' 10

5
�(mq/⇤QCD)

(mq/⇤QCD)
' 10

5
�

vEW
sin ✓h� (4.33)

where mq is the light quark mass, and ⇤QCD is the QCD scale [57, 58]. [AB: Add the details
regarding averaging time and stuff]

We finally note that, if a compact boson star consisting of � forms in the early universe
(see e.g. [59, 60]), and is gravitationally bounded in Solar system, the projected sensitivity
can be greatly enhanced since the effect is proportional to the square root of background
density [61, 62].

– 20 –

Δ ( fA/fB
fA/fB ) ≃ 105−6

Δ(mq /ΛQCD)
(mq /ΛQCD)

∝ 105−6 sin θhϕ
Flambaum (06); Berengut & Flambaum (10)  



What about the size of the scalar DM amplitude itself ?
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The effects are linear with the scalar amplitude:

L � sin ✓h�
�

v

h
�mf f̄f +

c�
4⇡

FF +
cg
4⇡
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i
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ϕ ∼ ρ
DM

/mϕ

This is astro stuff, there are considerable uncertainties.

We consider 2 options:

Conventional - 

ϕ ∼ ρ
halo

/mϕExtreme - 



Searching for a relaxion DM planet around us

Rstar ≈
M2

Pl

m2
ϕ

1
MEarth

(M* ≪ MEarth) .Assume small DM density & large 
radius => mass-radii relation:

Eby, Leembruggen, Street, Suranyi & Wijewardhana (18); Banerjee, Budker, Eby, Kim & GP (19)

Can obtain large density enhancement:

r ≡
ρstar

ρloc−DM
∼ ξ

M4
Earth m6

ϕ

M6
Pl ρloc−DM

∼ ξ × 1028 × ( mϕ

10−10 )
6

ξ ≡ Mstar /MEarth

Massive object may trap the (rel)axion => stable solution of EOM, “gravitational hydrogen”:

Figure 1: Enhancements in the axion halo scenario compared to the background DM case. Left:

Enhancement in the field value for the Earth halo (blue) and solar halo (red) compared to the

usual ALP DM case. Solid lines correspond to maximal halo mass M?, given by Eq. (1), which

is currently allowed by gravitational constraints [35, 36] (see [30] for further details). Dashed

lines correspond to the halos with a mass smaller than the maximal, with contours indicating

the halo mass as a fraction of the Earth or the Sun mass. Right: Enhancement of the coherence

time for the Earth halo (blue) and solar halo (red). For estimations of experimental sensitivity,

we limit the maximal data acquisition time to one year.

where ✓(r, t) is a phase factor slowly varying with respect to the position and the time. The

time scale that the phase factor changes by an order one value is the coherence time scale that

we discuss below. The corresponding energy density is given by ⇢? ' m
2
��

2
/2. Since the time

dependence is given by the same factor cos (m�t) throughout, for the remainder of this work we

will no longer write it explicitly and refer to � as the space-dependent part only.

The size of the halo can be determined as a balance between the repulsive gradient en-

ergy, Ugrad =
R
d
3
x(r�)2 ⇠ M?/(m2

�R
2
?), and the attractive gravitational potential energy,

Ugrav ⇠ GMextM?/R?. The resulting radius is

R? '
1

GMext(R?)m2
�

, (3)

which is independent of M?. That is, the axion halo mass is a free parameter; later, in the

estimations of experimental sensitivities, we will set it by Eq. (1). For R? > Rext, the radius

scales as R? / m
�2
� , while for R? < Rext, it scales as R? / m

�1/2
� since the enclosed external

mass scales as Mext(R?) / R
3
?. If the axion halo profile extends to su�ciently large radii,

experiments on Earth’s surface will benefit from a large axion halo density. For an Earth-based

halo, the relevant requirement is R? & R�, implying m� . 10�9 eV, while, for a Sun-based

halo, we require R? & 1 AU which implies m� . 10�14 eV. Note that the radius coincides with

the de Broglie wavelength �dB = (m�v?)�1, where v? '
p

GMext/R?.

Having determined the radius, the density of axion halo is given as ⇢? = 3M?/4⇡R3
? '

m
2
��

2
/2, and thus, the field amplitude inside the axion halo is � '

p
2 ⇢?/m�. In the left panel

4

Enhancements in the axion halo scenario compared to the background DM case, in the 
field value for the Earth halo (blue) and solar halo (red) compared to the usual ALP DM 
case. Solid lines correspond to maximal halo mass M⋆ by gravitational constraints.

Earth

Solar



Ideal system, nuclear clock
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Beyond 1Hz DM mass \w dynamical decoupling

(c)

Figure 2: Bounds on the parameter space of light scalar DM corresponding to the observed DM density near
the sun. The bounds on the couplings of a generic DM candidates are shown in (a) and (b). The bounds
on the mixing angle of a relaxion DM are presented in (c). Black – current and projected bounds from DD
experiments at 95% CL. Red – Bounds from fifth force experiments [30]. Magenta – EP-tests bounds taken
from [20]. Dash-dotted – Bounds from Naturalness.

8

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray (19) [via ion-cavity comparison]

The bounds on the mixing angle of a relaxion DM: Black – current and projected bounds from DD experiments at 95% CL. Red – Bounds from fifth force experiments. Magenta – EP-tests bounds. Dash-dotted – 
Bounds from Naturalness. 24



Beyond 1Hz DM mass \w polarization spectroscopy 

Antypas, Tretiak, Garcon, Ozeri, GP & Budker, (19)

3

6S1/2 ! 6P3/2 transition frequency, we employ polariza-
tion spectroscopy in a vapor cell [25] (see fig.1a). The 7
cm long cell is placed inside a 4-layer magnetic shield
and maintained at room temperature. Two counter-
propagating laser beams, termed pump and probe, are
overlapped inside the cell. The circularly polarized
pump induces birefringence in the Cs vapor. Analysis
of the polarization of the linearly polarized probe with
a balanced polarimeter yields a dispersive-shape feature
against laser frequency, for each of the hyperfine com-
ponents of the transition. This feature has a narrow
width, nearly limited by the natural linewidth of the
transition (�/2⇡ ⇡ 5.2 MHz), and serves as a calibrated
frequency discriminator. A typical polarization spec-
troscopy signal is shown in fig. 1b. Fast changes in fat
will appear as amplitude oscillation in the polarimeter
output. The quality factor of this oscillation is related
to the coherence of the field � of eq. (1) and is given by
!/�! ⇡ 6

p
2⇡/e/v2DM ⇡ 9 · 106, where vDM = 10�3 is

the virial velocity of the DM field [26]. Within the 20
kHz-100 MHz band probed in the experiment, the ex-
pected spectral width �!/2⇡ of the oscillation is in the
range 2 mHz - 11 Hz.

To account for the decrease in the atomic response at
frequencies above the transition linewidth, and other re-
sponse non-uniformities in the apparatus, a frequency
calibration is required. This is done by imposing fre-
quency modulation on the laser light with use of an
electro-optic modulator (EOM), and comparing the am-
plitudes of this modulation, as measured with the atoms
and with a Fabry-Perot cavity of known characteristics
that serves as a calibration reference.

During an experiment, the laser frequency is tuned to
excite atoms from the F = 3 hyperfine level of the ground
state to the F 0 = 2 level of the excited state. The output
of the balanced polarimeter is measured with a spectrum
analyzer (Keysight N9320B). To produce a high resolu-
tion noise power spectrum in the 20 kHz-100 MHz range,
measurements in ⇡ 22, 000 frequency windows are re-
quired, each of which consists of 461 bins; a bin is 10 Hz
wide and corresponds to integration time of 5 ms. Ap-
proximately 22 hr is required to acquire such a spectrum.
To ensure long-term frequency stability of the laser, fL is
modulated at 167 Hz with an amplitude of 200 kHz, and
demodulation of the measured probe beam power with
a lock-in amplifier provides an error signal, to which the
laser frequency is stabilized with a bandwidth of 2 Hz,
such that the laser is always on resonance with the atomic
transition.

Data analysis - A set of three high-resolution noise
power spectra in the 20 kHz-100 MHz range were ac-
quired and analyzed to probe fast oscillations in fat. The
mean and variance of each spectrum were computed in
many frequency regions and were found to be consistent
among the three spectra to within 2%. The slope of the
F = 3 ! F 0 = 2 feature in the polarization spectrum of
fig. 1b, that is related to the sensitivity in detecting oscil-
lations in fat, was stable to within 6% during the entire 66
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FIG. 2: Upper bounds on the fractional modulation
�fat/fat, shown at the 95% CL. The reduced sensitivity in
the range 498,330 ± 5 Hz, is due to increased apparatus

noise. At frequencies below 300 kHz the sensitivity is limited
by technical noise of the laser and above 5 MHz by the

decaying response of the atoms (see text).

hr long acquisition run. An average spectrum was com-
puted from the three high-resolution power spectra. A
number of peaks were present in average spectrum whose
power exceeded a global threshold, set to correspond to
5% probability for detection. The origin of these peaks
was investigated by comparing their power with the laser
frequency tuned on- and o↵- the F = 3 ! F 0 = 2 res-
onance, or with use of a second Ti:Sapphire laser and
external-cavity diode laser to acquire data. These lasers
have di↵erent technical noise spectra compared to that of
the primary laser system. All features exceeding the 5%
threshold were traced to either laser technical noise or
rf-pickup in the apparatus, and in the majority of cases
their power was measured accurately and subtracted out,
such that the residual power was bellow the detection
threshold.
No signal of unknown origin with power above the

global 5 % threshold was detected. In its absence, an
upper limit is placed on possible oscillations of the fre-
quency fat, which is presented in fig. 2 at the 95% con-
fidence level (CL).
Constraints on scalar DM couplings - We use the ob-

tained bounds on �fa/fa to constrain the parameters
g� and ge of eqns (2) and (3). With the assumption
that DM-induced oscillations in fa arise solely due to
either the coupling to the photon or to the electron,
we set bounds on the corresponding coupling constants,
and present these in fig. 3a and fig. 3b. In the same
plots, corresponding limits derived from analysis of re-
sults of EP experiments [19], as well as limits derived
from Naturalness are also shown. In the case of the
scalar field �, Naturalness requires that radiative correc-
tions to the mass m�, arising due to its interactions, be
much smaller than the mass it self. In the present work,
where a DM field that has scalar couplings to SM matter
is considered, this requirement leads to the constraints:
|ge| ⌧ 4⇡m�/⇤, |g� | ⌧ 16⇡m�/⇤2 [4, 12].
To obtain the bounds of fig. 3a and 3b, g� and ge were

treated independently. Within the relaxion DM model

Cs 6S1/2 → 6P3/2 transition frequency (10 GHz) 

3rd laser harmonics.

25



Cavity-cavity comparisons - stay tune for Fri.

26

Stadnik & Flambaum (14); Grote & Stadnik (19) …



The (rel)axion frontier
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Axial coupling searches of relaxion DM

 The relaxion being an axion-like-particle (ALP) obtain pseudo-scalar coupling to matter, 

that are model dependent. 

28

Banerjee, Budker, Eby, Flambaum, Kim, Matsedonskyi &  GP (19)

See e.g.: Graham, Kaplan & Rajendran; Gupta, Komargodski, GP & Ubaldi (15); 
Davidi, Gupta, GP, Redigolo & Shalit (17,18)

 Generically, one loop below backreaction scale we expect axial coupling to be induced. 

Motivate us to search for an associated signal via “magnetometers”



Axial coupling searches of relaxion DM
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One can look at signals at variety of experiments (we consider 2):
ABRACADABRA 

nearly-independent radial and tangential components of the gradient r�. As of this writing,

GNOME has stations around the world with di↵erent orientations relative to the surface of the

Earth, allowing access to di↵erent proportions of the two gradient components. We emphasize

that a dedicated search for a axion solar halo, including both the e↵ect of detector latitude as

well as orientation, would surely improve sensitivity to the signal as well.

In addition to GNOME, we also consider decade-old data from 3He-K noble-alkali comagne-

tometers [49–51], which was recently used to constrain the ALP coupling to nucleons g�NN [46].

In the presence of an axion halo, the gradient measured by the “old” comagnetometers is en-

hanced by the factor (r�/r�DM) ' (�/�DM) (vvir/vtot), which are essentially fixed by the

results of Figures 1 and 2. In Figure 7, we show the constraint on g�NN for the case of the

solar halo (red lines). In the presence of a solar halo, the current GNOME sensitivity is weaker

than these old data, except in a narrow region around m� ⇠ 2 ⇥ 10�16 eV; again, this may be

improved in a dedicated analysis using the full power of all GNOME stations. With a planned

upgrade, Advance GNOME will be sensitive over a wider range of massesm�, and more sensitive

to g�NN than the old comagnetometers by an order of magnitude or more.

3.3 ALP Search using an axion-induced current

The third class of experiments we consider is based on the axion-induced e↵ective current, which

originates from the following anomalous coupling of axion to photon:

L � �
1

4
g��� �Fµ⌫

eFµ⌫
, (18)

where eFµ⌫ = ✏
µ⌫⇢�

F⇢�/2 is a dual electromagnetic field strength. We treat g��� as an indepen-

dent parameter to analyse possible constraints. In the presence of the above anomalous coupling,

one can write the Euler-Lagrange equation @µ(Fµ⌫+g����
eFµ⌫) = 0 in terms of electromagnetic

field as

r⇥ ~B =
@ ~E

@t
� g���

✓
~E ⇥r�� ~B

@�

@t

◆
. (19)

From the above modified Maxwell’s equation, it is clear that a background magnetic field B0

would induce an e↵ective current

je↵ = g���

p
2⇢? cos (m�t)B0 . (20)

A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-field Ring

Apparatus (ABRACADABRA) has been proposed to utilize this axion-induced current to probe

the axion DM [16], and has recently set its first experimental limit on g��� [52]. The experimental

setup consists of a toroidal geometry generating a background magnetic field along the azimuthal
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nearly-independent radial and tangential components of the gradient r�. As of this writing,

GNOME has stations around the world with di↵erent orientations relative to the surface of the

Earth, allowing access to di↵erent proportions of the two gradient components. We emphasize

that a dedicated search for a axion solar halo, including both the e↵ect of detector latitude as

well as orientation, would surely improve sensitivity to the signal as well.

In addition to GNOME, we also consider decade-old data from 3He-K noble-alkali comagne-

tometers [49–51], which was recently used to constrain the ALP coupling to nucleons g�NN [46].

In the presence of an axion halo, the gradient measured by the “old” comagnetometers is en-

hanced by the factor (r�/r�DM) ' (�/�DM) (vvir/vtot), which are essentially fixed by the

results of Figures 1 and 2. In Figure 7, we show the constraint on g�NN for the case of the

solar halo (red lines). In the presence of a solar halo, the current GNOME sensitivity is weaker

than these old data, except in a narrow region around m� ⇠ 2 ⇥ 10�16 eV; again, this may be

improved in a dedicated analysis using the full power of all GNOME stations. With a planned

upgrade, Advance GNOME will be sensitive over a wider range of massesm�, and more sensitive

to g�NN than the old comagnetometers by an order of magnitude or more.

3.3 ALP Search using an axion-induced current

The third class of experiments we consider is based on the axion-induced e↵ective current, which

originates from the following anomalous coupling of axion to photon:

L � �
1

4
g��� �Fµ⌫

eFµ⌫
, (18)

where eFµ⌫ = ✏
µ⌫⇢�

F⇢�/2 is a dual electromagnetic field strength. We treat g��� as an indepen-

dent parameter to analyse possible constraints. In the presence of the above anomalous coupling,

one can write the Euler-Lagrange equation @µ(Fµ⌫+g����
eFµ⌫) = 0 in terms of electromagnetic

field as
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@ ~E
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� g���
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@t

◆
. (19)
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CP-violating nucleon-nucleon interaction via pion exchange. The relevant interactions are

L � g�NN@µ�N̄�
µ
�5N �

i

2
gd � N̄�µ⌫�5NF

µ⌫ + ..., (10)

where N is the nucleon field, Fµ⌫ is the electromagnetic field strength tensor, g�NN and gd are

the coupling constants, and the dots correspond to other terms, for instance the nucleon-nucleon

contact term. The first term represents, for example, the coupling between axion and nuclear

spin, while the second term is the axion-dependent nucleon electric dipole moment (EDM).

These operators of the e↵ective nuclear action produces CP-violating nuclear Schi↵ moment

which actually induces atomic EDM da which is measured in experiments [39]. According to the

Schi↵ theorem, nuclear EDM is screened by atomic electrons [42]. Atomic EDM is actually pro-

duced by a higher order electric multipole called the nuclear Schi↵ moment [43]. In atoms with

zero electron angular momentum, the atomic EDM ~da and magnetic moment ~µa are directed

along the nuclear spin ~I. Therefore, the e↵ective interaction of the nuclear spin with external

electric and magnetic fields may be presented in the following form:

H ' �[(da/I)~I · ~E + (µn/I)~I · ~B�] cos(m�t) . (11)

where µn is the nuclear magnetic dipole moment. The axion-dependent atomic EDM and the

e↵ective magnetic field are

~da = gad �
~I ,

~B� = g�NN�
�1
n r� . (12)

where �n is the gyromagnetic ratio of a given nucleus, and ~da is the ALP-induced atomic electric

dipole moment. We simply express gad = ✏sgd following [7]. Note that the gyromagnetic ratio

cancels in Eq. (11) (since µn / �n), so that the ALP-induced force to the nuclear spin is in fact

independent of �n.

The Cosmic Axion Spin Precession Experiment (CASPEr) has been proposed to probe the

above interactions using NMR techniques [7,8]; we briefly review the concept of this experiment

here. We discuss how CASPEr can probe the e↵ective axion-induced atomic EDM (CASPEr-

Electric). A polarized material is placed in the external magnetic field background, ~Bext, while

its direction is aligned along the direction of the polarization. An external electric field ~E is

also applied orthogonal to the direction of external magnetic field. Basically the atom has an

axion-induced EDM, thus, the electric field exerts a torque to nuclear spins, which develop a

non-zero angle with respect to the external magnetic field, and hence, a non-zero transverse

magnetization is obtained.

If the spin precession frequency, i.e. the Larmor frequency ⌦ = 2µnBext, matches to the

frequency of the oscillating EDM ! ' m�, the amplitude of the transverse magnetization is
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In the case of axion-halo the “wind” is replaced by density gradient which is            
orientation-dependent => new type of signature. 
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Axial coupling searches of relaxion DM
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Figure 8: Sensitivity to g��� in the ABRACADABRA experiment. Black lines: projected sen-

sitivity for background axion dark matter; blue lines: sensitivity for Earth axion halo; red:

sensitivity for solar axion halo. The shaded regions represent the QCD axion band (purple), the

current CAST constraint (green), and the current ABRACADABRA constraint (black/blue).

For ABRACADABRA, we take the same parameters used in [16] for a broadband search. In all

cases we have also restricted the integration time to 1 yr.

to Maxwell’s equation, an oscillating component of magnetic field is developed orthogonal to

B0, whose flux is measured by a pickup circuit (for detailed experimental setup, see [16]). The

signal-to-noise is given as

SNR '
|�|

S1/2
F (t, ⌧�), (21)

where the function F is defined in Eq. (17), � is are the magnetic flux through SQUID, and

S
1/2 = 10�6�0/

p
Hz is the sensitivity of commercial SQUID with �0 = h/(2e). The amplitude

of the magnetic flux is approximately given as [16, 52]

� ' g���
p
⇢?Bmax V G (22)

where V is the volume of the toroid, Bmax is the maximum magnetic field inside the toroid, and

G is a geometric factor.

Using the parameters given in [16,52] and requiring SNR & 1, we find current and projected

sensitivities in Figure 8. The solid, dashed, dotted lines correspond to the projected sensitivity

on g��� in the current (solid lines) and optimistic eventual (dashed lines) iterations of the

experiment; the latter implies a significant upgrade in toroid size, magnetic field strength, and

integration time. The black lines assume the standard background DM density, whereas the

blue (red) lines are for an Earth-based (Sun-based) axion halo. The black (blue) shaded region

corresponds to the current constraint from ABRA10cm assuming local DM (maximal axion
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Sensitivity to gφγγ in the ABRACADABRA experiment. Black 
lines: projected sen- sitivity for background axion dark matter; 
blue lines: sensitivity for Earth axion halo; red: sensitivity for 
solar axion halo. The shaded regions represent the QCD axion 
band (purple), the current CAST constraint (green), and the 
current ABRACADABRA constraint (black/blue). 
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Figure 5: Sensitivity to gd in presence of an axion halo for CASPER-Electric; the blue (red)

curves represent the Earth-based (Sun-based) halo, the black lines represent the standard back-

ground DM density, and the shaded regions are current constraints from astrophysics (green)

and static EDM searches (gray). The input parameters were those used in [7].

resonantly enhanced as

M� ' n pµnda|(~I/I)⇥ ~E| t, (13)

where n is the nuclear spin density, p is the material polarization. The halo profile �(r) is to

be evaluated at the position r in the halo where the experiment takes place, e.g. r = R� at

the Earth’s surface as measured from its center. The magnetic flux induced by this transverse

magnetization is picked up by a pickup loop coupled to a superconducting quantum interference

device (SQUID). The time t over which a transverse magnetization can develop will be limited

by one of a few timescales: the transverse spin relaxation time T2, a property of the nuclear

target; the coherence time scale of the axion field ⌧�; or the shot time ts, defined as the time the

experiment spends probing a given mass m� with a given strength of magnetic field. We refer

the reader to Appendix A and to the original Refs. [7,8,44,45] for more details on the detection

technique and bound extraction from sensitivity estimate.

In Figure 5, we show a comparison between the reach of CASPEr, both for the axion halo

and for the standard axion DM scenario. We use the parameters of Ref. [7], which defines both

Phase 1 and Phase 2 of the experiment. While the Phase 2 upgrade is necessary to probe a

portion of the QCD axion band for the background DM model, Phase 1 would be su�cient

to probe a wide range of QCD axion masses below 10�7 eV in the presence of an Earth-based

or Sun-based halo. The main reason for this is a higher energy density of a halo as well as

the longer coherence time. CASPEr is also able to probe the axial-vector coupling of axion to

nucleon in a similar fashion, but without an external electric field (this version is known as
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Sensitivity to gd in presence of an axion halo for CASPER-
Electric; the blue (red) curves represent the Earth-based (Sun-
based) halo, the black lines represent the standard back- ground 
DM density, and the shaded regions are current constraints 
from astrophysics (green) and static EDM searches (gray). 
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Conclusions

 Higgs physics has been always our beacon for new physics. 

 Null-results + new theories (ex.: relaxion) => log crisis/opportunity, calls 

for experimental diversity. 

 Accelerators provided a unique opportunity to search for (relaxed) relaxion. 

 Ultra-light relaxion DM => Higgs VEV oscillating => exciting signals … 

 Signals are correlated with axion-searches which is a unique property.
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