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The fine-structure constant and the electron mass in string theory are determined by the values of
scalar fields called moduli. If the dark matter takes on the form of such a light modulus, it oscillates
with a frequency equal to its mass and an amplitude determined by the local dark-matter density.
This translates into an oscillation of the size of a solid that can be observed by resonant-mass
antennas. Existing and planned experiments, combined with a dedicated resonant-mass detector
proposed in this Letter, can probe dark-matter moduli with frequencies between 1 kHz and 1 GHz,
with much better sensitivity than searches for fifth forces.

Introduction.— In string theory, the values of the fun-
damental parameters, such as the fine-structure constant
or the electron Yukawa coupling, are functions of scalar
fields called moduli. In a typical vacuum, there are sev-
eral moduli that describe geometric properties of the ex-
tra dimensions of space, such as their size. The masses of
the moduli are model dependent. Several moduli often
remain massless as long as supersymmetry is unbroken.

For a supersymmetry-breaking scale near a TeV, the
moduli can acquire a mass as large as 0.1 meV or a fre-
quency of 20 GHz. These rough estimates are often cor-
rected by small coe�cients, such as loop, logarithmic,
and large-volume factors, that make the moduli masses
significantly lighter [1–4]. Moduli associated with small
numbers, such as the electron Yukawa coupling, are also
naturally much lighter. One may even speculate that
the ultrasmall cosmological constant is associated with
an ultralight dilaton whose mass is of order the Hubble
scale [5].

In the absence of a general theoretical mass range for
moduli, we will only concern ourselves with experimental
constraints. These scalars are an excellent dark matter
(DM) candidate when produced through the misalign-
ment mechanism. In order for a scalar to be a good DM
candidate that gravitationally clumps at galactic scales,
it has to be heavier than 10�22 eV [6]. For scalar DM to
be well characterized as a scalar field, instead of individ-
ual particles, its mass must be lighter than about 0.1 eV.
Such a DM candidate—denoted by the field �—can cause
fundamental constants to oscillate in time [7]. We con-
sider couplings to the electron e and the electromagnetic
field strength Fµ⌫ :

Lint � �

p
4⇡GN�


dmemeēe�

de
4
Fµ⌫F

µ⌫

�
, (1)

where GN is Newton’s constant (~ = c = kB = 1
throughout). We can identify � with an electron Yukawa
(electric charge) modulus if dme 6= 0 (de 6= 0). If �
constitutes the local DM energy density ⇢DM, it can be

approximated by

�(t,x) '

p
2⇢DM

m�
cos [m�(t� v · x+ . . . )] , (2)

where |v| is the relative velocity of the DM with respect
to Earth, roughly equal to the virial velocity vvir in our
Galaxy. The field oscillation occurs at an angular fre-
quency equal to the DM mass, m�, and exhibits high
fractional temporal and spatial coherence of v�2

vir ⇠ 106

and v�1
vir ⇠ 103, respectively, due to a low velocity disper-

sion of the DM [8]. In such a background, the electron
mass me and the fine-structure constant ↵ can fluctuate
along with � according to

me(t,x) = me,0

h
1 + dme

p
4⇡GN �(t,x)

i
, (3)

↵(t,x) = ↵0

h
1 + de

p
4⇡GN �(t,x)

i
. (4)

The size of any atom is of order 1/↵me, and will oscil-
late if me or ↵ fluctuate. For a single atom, this is a
tiny e↵ect. However, it is enhanced when the atoms are
stacked, as in a solid.
In this Letter, we show how this amplification by the

number of atoms, in combination with resonant e↵ects,
can be exploited to search for scalar DM with existing
technology already used to search for gravitational wave
(GW) radiation. In what follows, we explain how the
signal arises, describe the reach of existing experiments,
and discuss future directions, including a new experimen-
tal proposal. Finally, we compare with other constraints
on scalar DM and find an improvement in sensitivity by
several orders of magnitude.
Experimental signature.— The e↵ect of a DM modulus

on a low-loss massive antenna can be captured by consid-
ering the response of a harmonic oscillator. An otherwise
free mass M on a physical, dissipative spring of equilib-
rium length L, resonant frequency ! and a quality factor
Q obeys

M


ẍ+

!

Q
ẋ+ !2 (x� L)

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

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

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

M


D̈ +

!

Q
Ḋ + !2D

�
' �ML̈+ Fth + Fext, (6)

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

R
e↵
i0j0 = �ij ḧ, (7)

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

p
4⇡GN� inherits the coherent properties

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

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

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

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

R
V d3x ⇢un ·un0 = �nn0Mn. With these

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

Fmod,n ⌘ �Ri0j0

Z

V
d3x ⇢ui

nx
j = �ḧM�RJn (8)

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

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

monics as Jn ⇠ n�2. Modulus DM can be detected if the
force in Eq. (8) exceeds the noise forces Fth and Fext.
Existing resonant-mass detectors.— The response of

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

forces weaker than gravity!

Arvanitaki, Dimopoulos, Van Tilburg; Kaplan, Mardon, Rajendran & Terrano (16)

ACME: electron electric dipole moment, |de| < 1.1×10−29 e · cm @ 90% CL.
Set for instance following bound on composite Higgs models:

ACME, Nature (2018)
Panico, Pomarol & Riembau (18)

where ⇢ ⌘ |M2/µ|
2 and

Cloop ⌘
g
4 sin 2� sin'

16⇡2|M2µ|
, ' = Arg[m2

12µ
⇤
M

⇤
2 ] . (3.35)

Using Eq. (3.34) and Eq. (2.11), we can obtain the contribution to the electron EDM in agreement
with Ref. [19] in the large log-approximation. From the ACME bound Eq. (1.1), we get a limit on
the Wino and Higgsino masses that can be approximately written as

p
|M2µ| & 4TeV , (3.36)

where we have taken sin 2� ⇠ sin' ⇠ 1.
Another type of two-loop contributions to the electron EDM can arise from one-loop contri-

butions to Cluqe. From loops involving selectrons, squarks, Winos and Higgsinos (see Fig. 3), we
have

ImCluqe = �yeyu
3g2 Im[µM2]

16⇡2 sin 2�
F (m2

i ) , (3.37)

where

F (m2
i ) = �

X

i

m
2
i
lnm2

i

⇧i 6=j(m2
i
�m

2
j
)
, (3.38)

with i running over the mass of the Higgsino, Wino, ũR and L̃L. For equal masses, we have
F (m2

i
) = 1/(12m4

i
), and Eq. (2.21) and the ACME bound lead to

mi & 7.5TeV , (3.39)

for sin(Arg[µM2])/ sin 2� ⇠ 1. Notice that, contrary to Eq. (3.32) and Eq. (3.35), the sin 2� appears
in Eq. (3.37) in the denominator and therefore is relevant for small values of tan�.

3.4 Composite Higgs

As a last example we consider the class of composite Higgs models. For definiteness we focus
on minimal scenarios based on the SO(5) ! SO(4) symmetry breaking pattern, which gives rise
to a single Higgs doublet [20]. Depending on the implementation of the flavor structure di↵erent
contributions to the electron EDM can arise. In models based on the anarchic partial compositeness
paradigm naively extended to both quark and lepton sectors [21], large contributions arise at the
one-loop level due to the presence of partners of the SM leptons and/or composite vector resonances.
These contributions are generated at the mass scale of the composite states and can be estimated
as [22, 23]

de

e
⇠

1

8⇡2

me

f2
, (3.40)

where f denotes the Goldstone Higgs decay constant (or equivalently the scale of spontaneous
SO(5) ! SO(4) symmetry breaking). The new ACME result implies a severe bound on the com-
positeness scale

f & 107 TeV , (3.41)

which pushes these scenarios into highly fine-tuned territory.
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(Even though we expect f < TeV)
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Brief th. introduction

♦ New paradigms recently proposed suggest alternative solutions. 

♦ Presence of light scalar/s is common to most.

♦ Conventional particle-TeV-physics wisdom is challenged by the 

null results of the LHC experiments.  

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

♦ In addition we have the well known motivations for light 

pseudo scalars (“axions”) and light moduli/diltaon scalar particles.

♦ Indirect searches often probe higher physics scales.  



Search strategies light scalars vs. pseudo-scalars

Axions got more attention, partially because scalars have less th. motivation &  
also due to lack of benchmarking [cf celebrated QCD dark matter (DM) axion].

it interacts virtually \w matter               time/space background variation:
                                                            DM: spin-precession / E-B mixing          
                                                                       

it interacts virtually \w matter,          time/space background variation:
                                                        DM: variation of all constants          
                                                                       

Scalars & pseudo-scalars lead to different signatures; 
thus, generically requires different experimental setup. 

light 
field

pseudo-scalar
scalar

individual.                   global
exp’-search                network

individual.                   global
exp’-search                network

Inducing long range force.
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Improved Constraints on an Axion-Mediated Force

S.A. Hoedl,* F. Fleischer, E. G. Adelberger, and B. R. Heckel
Center for Experimental Nuclear Physics and Astrophysics, Box 354290, University of Washington,

Seattle, Washington 98195-4290, USA
(Received 26 September 2010; published 24 January 2011)

Low mass pseudoscalars, such as the axion, can mediate macroscopic parity and time-reversal

symmetry-violating forces. We searched for such a force between polarized electrons and unpolarized

atoms using a novel, magnetically unshielded torsion pendulum. We improved the laboratory bounds on

this force by more than 10 orders of magnitude for pseudoscalars heavier than 1 meVand have constrained

this force over a broad range of astrophysically interesting masses (10 !eV to 10 meV).

DOI: 10.1103/PhysRevLett.106.041801 PACS numbers: 14.80.Va, 06.30.Gv, 11.30.Er

Low mass pseudoscalars are predicted by string theories
[1] and many extensions to the standard model. Such
particles are typically associated with the spontaneous
breaking of a new symmetry at a very high energy scale.
The most well-developed pseudoscalar, the axion [2], is a
consequence of Peccei and Quinn’s solution to the
‘‘strong-CP’’ problem: QCD explicitly violates the prod-
uct of charge and parity (CP) reversal symmetry, so that
the CP violating parameter "QCD is expected to be of order
unity; however, bounds on the electric dipole moment
of the neutron [3] and the Hg atom [4] constrain "QCD !
3" 10#10. To solve this fine-tuning problem, Peccei and
Quinn proposed a new symmetry [5] that spontaneously
broke in the very early Universe, dynamically minimized
"QCD and generated the axion. Today, these axions would
compose at least some of the cold dark matter [6].

Cosmology, astrophysics, and laboratory experiments
constrain the axion’s mass and/or couplings. The present
dark matter density imposes a model-dependent lower
bound of about 10 !eV [7]. Estimations of stellar and
supernova energy loss rates impose an upper bound of
about 10 meV [8]. Heavier axions that couple so strongly
that they do not escape from stars or supernovae are
precluded by laboratory-based particle physics experi-
ments [9] and by limits on hot dark matter [10]. The
constraints on the mass of pseudoscalars other than
axions must be evaluated for each model individually.
Nevertheless, the axion mass bounds define an
‘‘axion window’’ where most axion and pseudoscalar
search efforts are focused. In the remainder of this Letter,
we refer to both axions and similar pseudoscalars as
axionlike particles (ALPs).

Most ALP searches look for the conversion of a galactic
[11], solar [12], or laboratory [13] origin ALP into a photon
in the presence of a static magnetic field. However, any
ALP that couples with both scalar and pseudoscalar verti-
ces to fundamental fermions would also mediate a parity
and time-reversal symmetry-violating (PTV) force [14]
between a polarized electron and an unpolarized atom,
described by the potential

Vð̂!; rÞ ¼ @2ð̂! '̂rÞ
8#m e

!
gasg

e
p@c "!

1

r$ALP
þ 1

r2

"
e#r=$ALP ; (1)

where r is the electron-atom separation vector, $ALP ¼
m ALP=@c is the ALP Compton wavelength, and !̂ and m e

are the spin unit vector and mass of the polarized electron,
respectively. The ALP pseudoscalar coupling constant to a
polarized electron is gep, and the ALP scalar coupling
constant to an unpolarized atom is gas ¼ Zðges þ gps Þ þ
Ngns , where Z and N are the proton and neutron numbers,
respectively, and ges , g

p
s , and gns are the scalar couplings to

electrons, protons, and neutrons, respectively. For simplic-
ity, we assume that ges ¼ 0 and that gps ¼ gns ¼ gNs , where
gNs is the scalar coupling constant to a nucleon, so that
gas ¼ ðZþ NÞgNs ; the DFSZ [15] axion model, motivated
by grand-unified theories, makes the same assumptions.
Although gNs g

e
p is expected to be very small (for the axion,

gNs / "QCD), PTV force searches have three advantages
over more conventional ALP experiments: they do not
rely on cosmological or astrophysical sources of ALPs;
they are sensitive to ALPs that do not couple to photons,
and most importantly, they can simultaneously probe the
entire axion window, which corresponds to a force with a
range between 0.02 and 20.0 mm.
Previous PTV searches [16,17] minimized background

magnetic forces with magnetic shields that necessarily
limited their sensitivity to a short-range PTV force. We
overcame this limitation with an apparatus, shown in
Fig. 1, that allowed us to observe an unshielded, highly
nonmagnetic torsion pendulum suspended by a tungsten
fiber between two halves of a stationary split toroidal
electromagnet. The pendulum consisted of a
semiconductor-grade silicon single crystal attached to an
ultrapure titanium bar. An autocollimator monitored the
pendulum’s twist oscillation. The magnet-off pendulum
period and Q were typically 280 s and 2500, respectively.
The magnet-on Q was position dependent and ranged
from 100 at jxj ¼ 1:2 mm to 1000 at jxj ¼ 0:0 mm. A
double layer mu-metal cylinder surrounded the magnet
and reduced laboratory magnetic fields by a factor of 104.
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unity; however, bounds on the electric dipole moment
of the neutron [3] and the Hg atom [4] constrain "QCD !
3" 10#10. To solve this fine-tuning problem, Peccei and
Quinn proposed a new symmetry [5] that spontaneously
broke in the very early Universe, dynamically minimized
"QCD and generated the axion. Today, these axions would
compose at least some of the cold dark matter [6].

Cosmology, astrophysics, and laboratory experiments
constrain the axion’s mass and/or couplings. The present
dark matter density imposes a model-dependent lower
bound of about 10 !eV [7]. Estimations of stellar and
supernova energy loss rates impose an upper bound of
about 10 meV [8]. Heavier axions that couple so strongly
that they do not escape from stars or supernovae are
precluded by laboratory-based particle physics experi-
ments [9] and by limits on hot dark matter [10]. The
constraints on the mass of pseudoscalars other than
axions must be evaluated for each model individually.
Nevertheless, the axion mass bounds define an
‘‘axion window’’ where most axion and pseudoscalar
search efforts are focused. In the remainder of this Letter,
we refer to both axions and similar pseudoscalars as
axionlike particles (ALPs).

Most ALP searches look for the conversion of a galactic
[11], solar [12], or laboratory [13] origin ALP into a photon
in the presence of a static magnetic field. However, any
ALP that couples with both scalar and pseudoscalar verti-
ces to fundamental fermions would also mediate a parity
and time-reversal symmetry-violating (PTV) force [14]
between a polarized electron and an unpolarized atom,
described by the potential

Vð̂!; rÞ ¼ @2ð̂! '̂rÞ
8#m e

!
gasg

e
p@c "!

1

r$ALP
þ 1

r2

"
e#r=$ALP ; (1)

where r is the electron-atom separation vector, $ALP ¼
m ALP=@c is the ALP Compton wavelength, and !̂ and m e

are the spin unit vector and mass of the polarized electron,
respectively. The ALP pseudoscalar coupling constant to a
polarized electron is gep, and the ALP scalar coupling
constant to an unpolarized atom is gas ¼ Zðges þ gps Þ þ
Ngns , where Z and N are the proton and neutron numbers,
respectively, and ges , g

p
s , and gns are the scalar couplings to

electrons, protons, and neutrons, respectively. For simplic-
ity, we assume that ges ¼ 0 and that gps ¼ gns ¼ gNs , where
gNs is the scalar coupling constant to a nucleon, so that
gas ¼ ðZþ NÞgNs ; the DFSZ [15] axion model, motivated
by grand-unified theories, makes the same assumptions.
Although gNs g

e
p is expected to be very small (for the axion,

gNs / "QCD), PTV force searches have three advantages
over more conventional ALP experiments: they do not
rely on cosmological or astrophysical sources of ALPs;
they are sensitive to ALPs that do not couple to photons,
and most importantly, they can simultaneously probe the
entire axion window, which corresponds to a force with a
range between 0.02 and 20.0 mm.
Previous PTV searches [16,17] minimized background

magnetic forces with magnetic shields that necessarily
limited their sensitivity to a short-range PTV force. We
overcame this limitation with an apparatus, shown in
Fig. 1, that allowed us to observe an unshielded, highly
nonmagnetic torsion pendulum suspended by a tungsten
fiber between two halves of a stationary split toroidal
electromagnet. The pendulum consisted of a
semiconductor-grade silicon single crystal attached to an
ultrapure titanium bar. An autocollimator monitored the
pendulum’s twist oscillation. The magnet-off pendulum
period and Q were typically 280 s and 2500, respectively.
The magnet-on Q was position dependent and ranged
from 100 at jxj ¼ 1:2 mm to 1000 at jxj ¼ 0:0 mm. A
double layer mu-metal cylinder surrounded the magnet
and reduced laboratory magnetic fields by a factor of 104.
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average absolute value of themagnetic field (measuredwith
a Hall probe). We inferred the total spring constant !! ¼
!f þ !!

m from the pendulum period in each magnet state.
Before and after each data run, we measured "f and !f.
From Eq. (2), one can show that any MFD torque will
generate a normalized torque asymmetry, defined as

~N ¼ 1
!B

!
!!""$ !f

"!ð!"$ "fÞ
!!$ !f

"
; (3)

where "" ¼ ð"þ $ "$Þ=2 was determined using a filter
that corrected for linear drift, !" ¼ ð"þ þ "$Þ=2, "! ¼
ð!þ $ !$Þ=2, and !! ¼ ð!þ þ !$Þ=2. The second term
corrected for the spurious MFD torque created by a mis-
alignment between the fiber andmagnet-spring equilibrium
angles. (The correction was typically smaller than the scat-
ter among the cycles in each run.) A PTV force, a FFI,
and an asymmetry in the magnet-spring equilibrium
angle could all contribute to ~N according to ~N ¼
ðgNs gep=@cÞGðx;#ALPÞ þ $ FFI þ ""mð!!$ !fÞ= !B, where
""m ¼ ð"þm $ "$m Þ=2. Nevertheless, the PTV force has a
unique signature: its finite range requires that jGðx;#ALPÞj
must increase approximately as coshðx=#ALPÞ as the pen-
dulum approaches either magnet half. Because spurious
MFDs should not exhibit this behavior (we test for this
below), we could identify a true PTV force in the presence
of spurious forces by measuring ~N at different values of x.

We found that the pendulum’s equilibrium angle de-
pended on its horizontal position so that the autocollimator
could only observe the pendulum when it was positioned
on two lines in the horizontal plane [see inset, Fig. 2(b)].
We measured ~N at eight positions on these lines.
Figure 2(b) plots a typical set of ~Ns. Their position depen-
dence was not consistent with a PTV force but could be
modeled by a function of the form ~N ¼ axþ byþ c,
where x and y, defined in Fig. 1, were measured from the
axial symmetry axis of the magnet halves, and a ' b.
At a fixed pendulum position, ~N also depended on the
history of the magnet. In particular, after demagnetizing
the magnet by applying a linearly decreasing (9000 s decay
time) harmonic current (36 s period), ~N could change by up
to 10 times the 1-% uncertainty expected given the scatter
among the 12 cycles in each run. The demagnetization-
induced changes in ~N at different pendulum positions were
correlated.

The demagnetization behavior and the linear y depen-
dence can be explained by a degauss-dependent asymme-
try in ""m . The magnet spring can be considered as
two linear springs connected between the pendulum and
the inner edge of each magnet pole face. An asymmetry in
the magnetic fields at the pole-face edges would create a
difference in the equilibrium position of these linear
springs in the two magnet states that would in turn create
a""m . Moving the pendulum along y changed the distance
between the fiber axis and each linear spring. We expect
""m to depend linearly on y for pendulum displacements
that are small compared to the distance between the fiber

axis and the pole-face edges. (The pendulum was trans-
lated by !1 mm along y while the fiber is 29 mm from
the pole-face edge.)
We constrained gNs g

e
p=@c in the presence of the demag-

netization behavior and linear y dependence by segmenting
the data-taking procedure into position scans, each of
which consisted of a demagnetization, followed by mea-
surements of ~N at the different positions, and a subsequent
fit of the linear model to this data. We repeated the position
scan 20 times with fields of 0.387 and 0.193 T and a
2.62 mm magnet gap, and 23 times with a field of
0.109 T and a 5.44 mm magnet gap. The average of the
residuals from each fit at a fixed x formed our ALP ob-
servable. Figure 2(c) shows the ALP observable as a func-
tion of x for the 2.62 mm gap data. The large-gap data
extended our sensitivity to larger values of #ALP and
also provided an important systematic check of the small
gap data. The 1-% error of the ALP observable (calculated
from the scatter among the residuals in each data set)
was dominated by the nonreproducible effects of the de-
magnetizing procedure (the thermal noise is a factor of
100 smaller). For a given #ALP, we fit the predicted
x dependence of the PTV force to the ALP observables.
(The predicted force conservatively accounted for the un-
certainties in the pendulum’s dimensions and relative po-
sition.) The fits yielded larger than expected &2. To provide
a 95% confidence limit, we inflated the ALP observable
error bars for each fit so that &2=' ¼ 1, where ' is the
number of degrees of freedom, and then found values of
gNs g

e
p so that "&2 ¼ 3:95. The inflation factors were typi-

cally 2.50 and 2.08 for the 2.62 mm and 5.44 mm gap data,
respectively. We have no evidence for a PTV force.
Figure 3 shows our exclusion bounds.
The $ FFI contribution is not expected to mimic a

PTV force because !B differs by less than a few parts in

FIG. 3 (color online). The experimental 95% confidence upper
limit on jgNs gep=@cj. The force mediated by the DFSZ [15] axion
would appear below the bottom-most line. The thermal noise
limit represents an ideal torsion pendulum with a magnet-on Q
of 3000. See Ref. [21] for bounds on the PTV force between
polarized and unpolarized nucleons.
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“Improved Constraints on an Axion-Mediated Force”

Low mass pseudoscalars, such as the axion, can mediate macroscopic parity and time-reversal symmetry-violating forces. We searched for such a force between 
polarized electrons and unpolarized atoms using a novel, magnetically unshielded torsion pendulum. We improved the laboratory bounds on this force by more than 
10 orders of magnitude for pseudoscalars heavier than 1 meV and have constrained this force over a broad range of astrophysically interesting masses. 
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The fine-structure constant and the electron mass in string theory are determined by the values of
scalar fields called moduli. If the dark matter takes on the form of such a light modulus, it oscillates
with a frequency equal to its mass and an amplitude determined by the local dark-matter density.
This translates into an oscillation of the size of a solid that can be observed by resonant-mass
antennas. Existing and planned experiments, combined with a dedicated resonant-mass detector
proposed in this Letter, can probe dark-matter moduli with frequencies between 1 kHz and 1 GHz,
with much better sensitivity than searches for fifth forces.

Introduction.— In string theory, the values of the fun-
damental parameters, such as the fine-structure constant
or the electron Yukawa coupling, are functions of scalar
fields called moduli. In a typical vacuum, there are sev-
eral moduli that describe geometric properties of the ex-
tra dimensions of space, such as their size. The masses of
the moduli are model dependent. Several moduli often
remain massless as long as supersymmetry is unbroken.

For a supersymmetry-breaking scale near a TeV, the
moduli can acquire a mass as large as 0.1 meV or a fre-
quency of 20 GHz. These rough estimates are often cor-
rected by small coe�cients, such as loop, logarithmic,
and large-volume factors, that make the moduli masses
significantly lighter [1–4]. Moduli associated with small
numbers, such as the electron Yukawa coupling, are also
naturally much lighter. One may even speculate that
the ultrasmall cosmological constant is associated with
an ultralight dilaton whose mass is of order the Hubble
scale [5].

In the absence of a general theoretical mass range for
moduli, we will only concern ourselves with experimental
constraints. These scalars are an excellent dark matter
(DM) candidate when produced through the misalign-
ment mechanism. In order for a scalar to be a good DM
candidate that gravitationally clumps at galactic scales,
it has to be heavier than 10�22 eV [6]. For scalar DM to
be well characterized as a scalar field, instead of individ-
ual particles, its mass must be lighter than about 0.1 eV.
Such a DM candidate—denoted by the field �—can cause
fundamental constants to oscillate in time [7]. We con-
sider couplings to the electron e and the electromagnetic
field strength Fµ⌫ :

Lint � �

p
4⇡GN�


dmemeēe�

de
4
Fµ⌫F

µ⌫

�
, (1)

where GN is Newton’s constant (~ = c = kB = 1
throughout). We can identify � with an electron Yukawa
(electric charge) modulus if dme 6= 0 (de 6= 0). If �
constitutes the local DM energy density ⇢DM, it can be

approximated by

�(t,x) '

p
2⇢DM

m�
cos [m�(t� v · x+ . . . )] , (2)

where |v| is the relative velocity of the DM with respect
to Earth, roughly equal to the virial velocity vvir in our
Galaxy. The field oscillation occurs at an angular fre-
quency equal to the DM mass, m�, and exhibits high
fractional temporal and spatial coherence of v�2

vir ⇠ 106

and v�1
vir ⇠ 103, respectively, due to a low velocity disper-

sion of the DM [8]. In such a background, the electron
mass me and the fine-structure constant ↵ can fluctuate
along with � according to

me(t,x) = me,0

h
1 + dme

p
4⇡GN �(t,x)

i
, (3)

↵(t,x) = ↵0

h
1 + de

p
4⇡GN �(t,x)

i
. (4)

The size of any atom is of order 1/↵me, and will oscil-
late if me or ↵ fluctuate. For a single atom, this is a
tiny e↵ect. However, it is enhanced when the atoms are
stacked, as in a solid.
In this Letter, we show how this amplification by the

number of atoms, in combination with resonant e↵ects,
can be exploited to search for scalar DM with existing
technology already used to search for gravitational wave
(GW) radiation. In what follows, we explain how the
signal arises, describe the reach of existing experiments,
and discuss future directions, including a new experimen-
tal proposal. Finally, we compare with other constraints
on scalar DM and find an improvement in sensitivity by
several orders of magnitude.
Experimental signature.— The e↵ect of a DM modulus

on a low-loss massive antenna can be captured by consid-
ering the response of a harmonic oscillator. An otherwise
free mass M on a physical, dissipative spring of equilib-
rium length L, resonant frequency ! and a quality factor
Q obeys

M


ẍ+

!

Q
ẋ+ !2 (x� L)

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

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

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

M


D̈ +

!

Q
Ḋ + !2D

�
' �ML̈+ Fth + Fext, (6)

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

R
e↵
i0j0 = �ij ḧ, (7)

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

p
4⇡GN� inherits the coherent properties

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

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

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

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

R
V d3x ⇢un ·un0 = �nn0Mn. With these

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

Fmod,n ⌘ �Ri0j0

Z

V
d3x ⇢ui

nx
j = �ḧM�RJn (8)

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

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

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

Existing resonant-mass detectors.— The response of
resonant-mass detectors to gravitational waves was first
described by Weber [11, 12]. Resonant-mass GW detec-
tors have made great strides in sensitivity since the first
“Weber bars” (see Ref. [13] for a historical review), so
far culminating in a network of third-generation experi-
ments [14, 15] consisting of cryogenic, ton-scale, cylindri-
cal antennas operating at around 900 Hz. Despite qual-
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dashed curves represent 95% CL limits from fifth-force tests (“5F”, gray), equivalence-principle tests (“EP”, orange), atomic
spectroscopy in dysprosium (“Dy”, purple), and low-frequency terrestrial seismology (“Earth”, black). The blue curve shows
the projected SNR = 1 reach of a proposed resonant-mass detector—a copper-silicon (Cu-Si) sphere 30 cm in radius—after 1.6 y
of integration time, while the red curve shows the reach for the current AURIGA detector with 8 y of recasted data. Rough
estimates of the 1-y reach of a proposed DUAL detector (pink) and several harmonics of two piezoelectric quartz resonators
(gold points) are also shown.
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induced force is analogous to the tidal force caused by
a GW [9], except that the modulus induces a monopole
strain instead of a quadrupole strain pattern. This intu-
ition can be extended to continuous acoustic systems by
describing the modulus as a scalar GW with an e↵ective
isotropic Riemann curvature tensor
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of the DM field oscillation as described below Eq. (2).
The response of a resonant-mass detector to modulus DM
may thus be extracted from well-known strategies for de-
tecting monochromatic gravitational-wave radiation.

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

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

un(x) = r̂un(r), since only spherically symmetric (l = 0)
modes are excited by a scalar strain. For a sphere of
radius R with uniform density ⇢ and longitudinal (trans-
verse) sound speed cl (ct), these mode functions can be
found in Ref. [10]. They have resonant angular frequen-
cies !n = clkn with kn ' n⇡/R. We choose a normaliza-
tion such that un(R) = 1, and define the e↵ective mode
mass Mn through
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V d3x ⇢un ·un0 = �nn0Mn. With these

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

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

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

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

de stands for the time dependent component of the fine coupling constant, the 
bound on dg (the coefficient of the time dependent component of αs, the strong 
coupling) assumes a working 229Th nuclear clock with a 1 : 1019 precision, τint 

stands for the total assumed integration time and σ1 stands for the 
corresponding stability. The dashed-red line on the diagonal corresponds to the 
maximal mixing allowed in this scenario, Λbr corresponds to a coupling in the 
relaxion model.

Figure 3: Preliminary comparison of the sensitivity of various probes of atomic clocks to a relaxion-DM
model which couples to the SM fields only via mixing with the Higgs [92]. On the horizontal axis we shod
the relaxion mass and on the vertical one we show the mixing angle with the Higgs. de stands for the time
dependent component of the fine coupling constant, the bound on dg (the coefficient of the time dependent
component of ↵s, the strong coupling) assumes a working 229Th nuclear clock with a 1 : 1019 precision [99],
⌧int stands for the total assumed integration time and �1 stands for the corresponding stability (see [54]). The
dashed-red line on the diagonal corresponds to the maximal mixing allowed in this scenario (see e.g. [70])
and ⇤br is defined in Eq (2). For brief discussion of dynamic decoupling, as relevant for this proposal, see
discussion in 3.3.

since the relaxion mass is suppressed while the mixing angle remains the same, slightly larger mixing
angle is allowed. Furthermore, the relaxion can interact with SM fermions with a coupling strength
much stronger than relaxion-fermion coupling induced by mixing and even stronger than usual pNGB-
fermion coupling, when additional shift symmetry breaking source is introduced. This in particular
induce a stronger signal for the precision experiments discussed below and allows a deviation from the
"higgs-portal" type of couplings. Finally, in case where the shift breaking sources respect an internal
Z2 symmetry, the leading relaxion coupling to matter could be quadratic as opposed to linear. As
a consequence the 5th-force experiments, that mainly search for static virtual exchange processes of
light scalars, might become significantly less sensitive to our scenario [89], a fact that reinforces the
need for the direct probe of time-dependent backgrounds, the basic thrust of this proposed project.

3.2 Entangled isotope shift, and comments on time dependence

The Ozeri group at the Weizmann Institute has launched a project of precision measurement of the
isotope shifts (ISs) of optical clock transitions in several atomic ion species. As mentioned above and
shown in Fig. 2, the technique used for precision measurements of isotope shifts is the synthesis of
entangled state that evolve at the isotope shift frequency directly; i.e. an isotope-shift atomic clock.
In this project isotope shifts of two different optical clock transition in Yb+ and Ca+ ions will be
measured in order to check the linearity of a King-plot comparison of these transition and search for
possible new light scalar forces [60]. We propose to use similar measurements to search for, or provide
bounds on, possible time variation of the isotope shift (IS) of clock transitions. The entangled system
can provide us with a direct probe of time-dependent-isotope-shift and thus very unique not only in
term of its experimental precision and stability but also due to the fact that it is sensitive to both
standard and non-standard theoretical entities. While it is sensitive to time dependence quark and
electron masses (say when compared to other clocks or cavities as explained above) it is also directly
sensitive to time dependent-mass-shift or field shift. In terms of effective non-relativistic expansion
(see e.g. [100] and Refs. therein) these are given by a different set of operators. Thus, in principle, the
above method lead to a unique sensitivity to an abstract unknown source of new physics in addition
to a more standard variation of masses and other fundamental couplings. With aiming at a precision
of 5 mHz in isotope shift measurements, which translates to a fractional precision of ' 10�11 in the
isotope shift, we will be able to check for drifts in the isotope shift over the course of weeks and
months as compared with a Cs clock provided by GPS. In particular this measurement will be able
to place bound on the change of the ration between the electron and the neutron masses, me/mn, at
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GP, Redigolo, Safronova, Ubaldi & Zupan, in preparation.  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Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep.

Recasting last year results, ion-cavity comparison, Ozeri-lab @ 1 : 1014 

accuracy can be improved dramatically.

Preliminary

Scenario motivated by relaxion DM models.
Graham, Kaplan & Rajendran (15);Flacke, Frugiuele, Fuchs, Gupta & GP; Choi & Im (16); Banerjee, Kim & GP (18)
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DM global-networking 



Global Network of Optical Magnetometers for Exotic (GNOME): 
Physics Novel scheme for exotic physics searches
S. Pustelny, D. F. Jackson Kimball, C. Pankow, M. P. Ledbetter, P. Wlodarczyk, P. Wcislo, M. Pospelov, 
J. Smith, J. Read, W. Gawlik, D. Budker (2013) One node in BGU (Folman’s group)!

https://arxiv.org/search/physics?searchtype=author&query=Pustelny%2C+S
https://arxiv.org/search/physics?searchtype=author&query=Kimball%2C+D+F+J
https://arxiv.org/search/physics?searchtype=author&query=Pankow%2C+C
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https://arxiv.org/search/physics?searchtype=author&query=Gawlik%2C+W
https://arxiv.org/search/physics?searchtype=author&query=Budker%2C+D
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One slide about SARAF

♦ Dedicated lab space for the two trap experiments.

♦ New high-current accelerator in Israel.

Bhattacharya, et. al. (16)

♦ Sensitive to β decay,  constraint (well) below 1% level seems feasible.  

  Below 0.1% => better than LHC. 

♦ Can probe light new physics that couples to neutrons?



♦ Null-LHC + new paradigms => searches for light elusive fields!

♦ In parallel, precision front is seeing dramatic sensitivity-increase.

♦ Should be integrated into particle physics program. 

Conclusions

♦ Ultra light DM searches can be done individually & via networks. 

♦ Can we use SARAF to search for (light-mass) new physics?



(ii) Is the amplitude large enough to probe meaningful models?
    

Back to our 2 questions

(i) Notice that relevant models have osc. freq. 1 - 1014 Hz.
     Can we probe these?

However, gravity can help: dark matter might form “relaxion-
planets” that might be trapped around earth-gravitational field. 

(similar to axion-stars requiring stability and assuming capturing & coherence)

Budker, Eby, Kim, GP, in Prep.

Kimball, et al. (17)



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);

Budker, Eby, Kim, GP, in Prep.

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
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Prelim.
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Subjective particle physicist perspective
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Theoretical motivation

Exp. sensitivity
Precision frontier 

Supersymmetry;
Composite Higgs

QCD axion

Axion-like particles
Relaxions

Axion dark matter

Dilaton dark matter
Topological dark matter

Lorentz violation
CPT



Beyond 1Hz DM mass \w dynamical decoupling

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep.

10-9 10-810-22

10-20

10-18

10-16

10-14

10-12

10-10

10-8

current experimental bound
Naturalness bound =1 TeV
Naturalness bound =10TeV
5th force
Excluded



Beyond 1Hz DM mass \w dynamical decoupling

Aharony, Akerman, Ozeri, GP & Shaniv & Savoray, in prep.

10-16 10-14 10-12 10-10 10-8 10-610-30

10-25

10-20

10-15

current experimental bound at 95% CL
5th Force
Excluded



U(1)B-L 
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Frugiuele, Fuchs, GP & Schlaffer (16)
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FIG. 1. Constraints on a Z0 gauge boson from U(1)B�L.
KLV bound from existing IS data: Ca+ with uncertainty
� ' 0.1MHz (397 nm vs. 866 nm [32], solid red line). KLV
projections for � = 1Hz assuming linearity in Ca+ (S ! D
transitions, red, dashed), Sr+ (blue, dotted), Sr/Sr+ (blue,
dashed), and Yb+ (black, dash-dotted) [26]. For compar-
ison, bounds from fifth-force searches via the Casimir ef-
fect [41, 42] (blue), neutron scattering [43–45] (orange), Ry-
dberg states [46–48] (dark blue), energy level shifts in H
and He [11] (turquoise), ⌫ � e scattering at GEMMA and
Borexino [49] (purple), and beam dump experiments [2, 3, 50]
(green). Astrophysical and cosmological probes (beige): su-
pernova 1987A with O(1) uncertainties [51–53] (SN, the area
below the dotted line), horizontal branch stars [51, 54–57]
(HB, the area left of the dashed line) and BBN viaNe↵ [58, 59]
(the area above the solid line).

1. Laboratory bounds

The existence of a fifth force is severely constrained for
a mass MZ0 . 100 eV by experiments testing the Casimir
e↵ect [41, 42].

In contrast to KLV, other atomic precision measure-
ments such as energy level shifts in Rydberg states [46–
48] and in s- and p-states of atomic H and hydrogen-like
He+ [11] provide bounds on ypye where yp is the proton
coupling. In the massless limit, MZ0 ⌧ (1 + ne)/a0, the
NP potential probed by these observables simplifies to a
Coulomb potential. In this case the NP interaction is ab-
sorbed by a redefinition of the fine-structure constant ↵,
resulting in a weakening of the bounds. Due to its sensi-
tivity to yeyn, KLV is not a↵ected by this redefinition so
that its bound remains constant in the massless limit and
is the strongest among the atomic spectroscopy bounds
for mediator masses below 0.3 eV. The intersection of

FIG. 2. Existing bounds on the neutron coupling gn of a
new boson � from the neutron-electron scattering length
in Pb, Bi and noble gases denoted as neutron optics [43]
(orange, dashed); n-208Pb scattering at neutron energies of
En ⇠ 1 keV-26 keV [61] (green, dotted), 10 eV-10 keV [43]
(blue, solid) and up to 20 keV including interference of reso-
nant and non-resonant amplitudes [45] (purple, dotted); and
the comparison of the total to the forward scattering cross
section of neutrons on nuclei [44] (red, dash-dotted). For dis-
cussion see Sect. IVA1.

the Ca+ and Rydberg bound was determined following
Ref. [48] and lies below the mass range shown in Fig. 1.
Yet, one needs to keep in mind that for MZ0  0.3 eV
also other constraints apply, such as from the Casimir
e↵ect mentioned above or from tests for a deviation from
the Coulomb force, see e.g. Ref. [60].
Neutron scattering is a powerful probe of the interac-

tion between new bosons and neutrons over a wide mass
range. Among the neutron scattering experiments, neu-
tron optics [43] provides the strongest constraint on gn,
in this model equivalent to gB�L, in the mass range of
MZ0 . 500 eV. For 500 eV . MZ0 . 5 keV, the com-
parison of the total to the forward scattering cross sec-
tion [44] is most sensitive. Above MZ0 ⇠ 5 keV, the
neutron-lead (n-Pb) scattering [45] sets the strongest
bound. This method is based on the proposal by Ref. [61]
whose bounds are superseded by the ones reported in
Refs. [43, 45]. The collection of the various bounds is
shown in Fig. 2, the limit presented in Fig. 1 shows the
best bound for each mass. When comparing to KLV,
the considerable uncertainties on the neutron scattering
bounds need to be kept in mind [44, 62–64]. In par-
ticular, the uncertainties related to the electron-neutron
scattering length, various nuclear inputs, and the missing
higher-order terms in the neutron-scattering cross sec-
tion, are not easy to determine precisely. Similarly, the
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Complementarity with astro/cosmo’ bounds:



King comparison

♦ Level of linearity can be quantified by comparing area

   of triangle to that of a cube:
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vector space of the various components related to isotope shifts that leads to the nonlinearites. The NP contribution

to IS, ↵NPXi
~h, may lift the IS vectors from the (�!mµ,
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i) plane, resulting in a nonlinear King plot. Fig. S2

illustrates a nonlinear King plot, where the area of the triangle corresponds to the NL of Eq. (6).
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(which are here three dimensional vectors �!m⌫1,2) lie in the plane that is spanned by �!mµ and
����!
m�hr2i. This coplanarity can be

tested by measuring whether �!m⌫1,
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�!m⌫2 and �!mµ.
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3

In this language LO factorization implies the follow-
ing qualitative statement: any vector of reduced isotope
shifts, �!

m⌫i, must lie in the plane that is defined by �!
mµ

and
����!
m�hr

2
i, as illustrated in the cartoon in the left panel

of Fig. S1.

Note that, because the direction of
����!
m�hr

2
i in this space

is uncertain, theory does not tell us in which direction
this plane is oriented. However, by measuring two IS
vectors, �!

m⌫1 and �!
m⌫2, we can test this statement by

asking whether the three vectors �!
m⌫1,

�!
m⌫2, and �!

mµ are
coplanar. The coplanarity of these vectors corresponds
to King linearity as we can see by rewriting Eq. (3) in
vectorial form �!

m⌫2 = K21
�!
mµ+F21

�!
m⌫1. Like King lin-

earity, coplanarity is a purely data driven test of LO fac-
torization since it is independent of theoretical input. A
change in Ki and Fi will merely change the direction of
�!
m⌫1 and �!

m⌫2 within the plane, but the qualitative state-
ment of coplanarity remains.

In this vector language we can provide a compact ex-
pression for a nonlinearity measure,

NL =
1

2
|(�!m⌫1 ⇥

�!
m⌫2) ·

�!
mµ| . (6)

In terms of the King plot, NL is the area of the triangle
spanned by the three points shown in Fig. S2. Equiva-
lently, in our geometrical picture it is the volume of the
parallelepiped defined by �!

m⌫1,2 and �!
mµ. A given data

set is considered linear if NL is smaller than its first-order
propagated error �NL =

p
⌃k(@NL/@Ok)2�2

k where the
sum runs over all measured observables Ok (modified fre-
quency shifts and isotope masses) with standard devia-
tions �k.

III. NEW PHYSICS AND VIOLATION OF
KING LINEARITY

We now include a NP contribution by adding a third,
also factorized, term to Eq. (2),

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + ↵NPXi �AA0 , (7)

namely Xi depends on the form of the new potential and
on the electronic transition, while �AA0 depends only on
the nuclear properties. The parameter ↵NP is the NP
coupling constant which we would like to probe.

Let us first mention two cases of NP which we do not
expect to be able to probe by testing King linearity. For
short-range NP (shorter than the nuclear size), the elec-
tronic parameters Xi will be proportional to those of FS,
Xi / Fi. In this case the NP term can be absorbed
by redefining �hr

2
iAA0 . Also, if the new physics couples

to electrons and nuclei according to their electric charge
(such as the case of dark-photon [34]), �AA0 = 0. There
may also be cases in which NP can accidentally be ab-
sorbed by redefining Fi. However, a long-range force with
couplings not proportional to the electric charge (and

barring an accidental cancellation) can be severely con-
strained by tests of King linearity.

Equation (3) written in vectorial form becomes

�!
m⌫2 =K21

�!
mµ+F21

�!
m⌫1+↵NP

~hX1 (X21�F21) , (8)

where ~h is the NP vector in reduced frequency units, that
is hAA0 ⌘ �AA0/µAA0 and X21 ⌘ X2/X1. One can see
that NP can lead to a deviation from coplanarity if and
only if (i) the new force is not short-range, X21 6= F21;

(ii) ~h is not aligned with any linear combination of �!
mµ,

�!
m⌫1 or �!

m⌫2.
By solving the set of equations (7) one finds an expres-

sion for ↵NP that is needed to yield a particular dataset
{
�!
m⌫1,

�!
m⌫2,

�!
mµ},

↵NP =
(�!m⌫1 ⇥

�!
m⌫2) ·

�!
mµ

(�!mµ ⇥ ~h) · (X1
�!
m⌫2 � X2

�!
m⌫1)

, (9)

assuming NP is the dominant contribution to non-
linearity. If linearity holds then ↵NP . �↵NP =p

⌃k(@↵NP/@Ok)2�2
k. Hence, the sensitivity to probe

↵NP is lost in the limit where the denominator in Eq. (9)
vanishes, because the NP contribution to nonlinearity is

NLNP =
↵NP

2
(�!mµ ⇥ ~h) · (X1

�!
m⌫2 � X2

�!
m⌫1) . (10)

It is straightforward to check that this happens under the
conditions specified below Eq. (8).

The presented method of limiting ↵NP, Eq. (9), con-
tains theory input only in Xi and hAA0 which describe
how NP a↵ects the IS. The SM contribution in the fac-
torized limit is fully parametrized by the observables ~⌫i

and ~µ. The form of hAA0 depends on the assumed cou-
plings of new physics to nuclei. For example, if the
new interaction couples to quarks, then we expect that
hAA0 / AA

0 [17, 35]. The atomic transition-dependent
factors X1,2 can be reasonably calculated by a many-
body simulation (see the next section). This strategy is
analogous to a search for NP, say, at the LHC, where all
SM backgrounds are estimated using data driven meth-
ods and Monte Carlo simulation is used only in estimat-
ing the signal cross section.

Thus far, most measurements of scalar-isotope shifts
have been consistent with King linearity (see, however,
the case of Samarium [36]). Nevertheless, some level of
nonlinearity is expected to arise from SM higher-order
contributions [37–40]. These contributions, that are re-
lated to nuclear physics and electronic-structure dynam-
ics linked together, are presently not understood in a
quantitative manner for many-electron systems. One
possible source of nonlinearities is of the form of a field
shift that depends on the isotope mass. Precision calcula-
tions recently showed that this e↵ect is of O(10�3

�10�4)
in light atoms [41]. Likewise, such contributions in heav-
ier elements with Z = 20 � 87 [39], but only for S ! P

transitions, are estimated to be of a similar order. Hence,
matching the precision of future measurements motivates
the calculation of the remaining higher-order corrections.

NL/|�!m⌫2||�!m⌫1| ⌧ 1 .

Or volume of prallelepiped:

�!m⌫1

�!m⌫2

�!mµ



King linearity implications

♦ Linearity implies that                    must be linearly 
dependent:

�!m⌫2 & �!m⌫1

�!m⌫2 = K2
�!mµ + F2 ~v +O

�
10�4

�

�!m⌫1 = K1
�!mµ + F1 ~v +O

�
10�4

�

�hr
2
iAA0 ⌘ hr

2
Ai � hr

2
A0i, where rA is the nuclear charge

radius of isotope A. In contrast to µAA0 , �hr
2
iAA0 is

subject to large experimental uncertainties. The compo-
sition of the IS in terms of products of purely electronic
and purely nuclear quantities is referred to as factoriza-
tion [27]. As a result, these two leading contributions
amount to the total IS as

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + . . . , (2)

where the first term represents the MS and the second
one the FS [27, 28]. The dots denote possible higher order
corrections and NP contributions which we will discuss
below. It is useful to normalize the frequency shifts by
the reduced mass µAA0 to obtain the so-called modified
isotope shifts, m⌫

AA0

i ⌘ ⌫
AA0

i /µAA0 , which we will use
in the following. As a consequence, the mass shift is
reduced to the electronic factor Ki whereas the FS factor
Fi is multiplied by the modified charge radius variance,
m�hr

2
iAA0 ⌘ �hr

2
iAA0/µAA0 .

When considering several pairs of isotopes, the modi-
fied Eq. (2) can be written in vectorial form as

�!
m⌫i = Ki

�!
mµ+ Fi

����!
m�hr

2
i , (3)

where each line corresponds to one set of isotopes. For
the example of four isotopes combined to three isotope
pairs {A,Aa}, where a = 1, 2, 3 and A is the reference
isotope, the IS vector of transition i is given by �!

m⌫i =

(m⌫
AA1
i ,m⌫

AA2
i ,m⌫

AA3
i ), and

����!
m�hr

2
i accordingly. The

mass shift vector is denoted by �!
mµ = (1, 1, 1).

With measurements of two transitions i = 1, 2 the un-
known charge radius distribution can be replaced by mea-

sured quantities. Solving Eq. (3) with i = 1 for
����!
m�hr

2
i

and replacing it in the equation with i = 2 leads to

�!
m⌫2 = K21

�!
mµ+ F21

�!
m⌫1 , (4)

with F21 ⌘ F2/F1 and K21 ⌘ K2 � F21K1. Hence, this
replacement gives rise to a linear dependence between the
two sets of modified frequency shifts �!

m⌫1,2, referred to
as King linearity [27].

In order to quantify the observed linearity, we define a
measure of nonlinearity [26],

NL = (�!m⌫1 ⇥
�!
m⌫2) ·

�!
mµ , (5)

which corresponds to the volume of the parallelepiped
spanned by the vectors �!

m⌫1,
�!
m⌫2 and �!

mµ (for illustra-
tion see Ref. [26]). King linearity is considered to hold if
the measure NL is smaller than its uncertainty �NL1.

1 At the present level of experimental accuracy, the uncertainties
on the isotope masses are smaller by several orders of magnitude
than those of the frequency shifts (e.g. O(10�5) smaller for Yb
masses [29] with the present IS accuracy of 0.1�1MHz [30, 31]).
Therefore we will neglect them in our numerical evaluation. Once
the uncertainties of IS measurements will be significantly re-
duced, the mass uncertainties will have to be taken into account.

In several atoms and ions, King linearity has indeed
been established within the experimental uncertainty of
� = 0.1MHz on the IS, see e.g. Refs. [30–34].
In Ref. [26] it was shown that new physics contribu-

tions from light bosons interacting with electrons and
neutrons can lead to a deviation from the linear relation
in Eq. (4). Thereby, the observation of linearity allows
to set bounds on the mass and coupling of a possible new
force mediator.
To be specific, a new physics contribution is added as

a third term to Eq. (2)
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m⌫i = Ki

�!
mµ+ Fi

����!
m�hr

2
i+ yeynXi

~h , (6)

where ye, yn are the couplings of a new boson to electrons
and neutrons, respectively. Furthermore, we have intro-
duced the electronic NP factor Xi and the reduced iso-
tope dependence ~h. Both of them are model-dependent;
a specific expression is given below. Proceeding as in
the SM case, one can express �!m⌫2 as a function of �!m⌫1,
yielding

�!
m⌫2 = K21
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mµ+ F21

�!
m⌫1 + yeyn

~h (X2 �X1F21) . (7)

Thus, NP can break King linearity. For unit coupling,
the NP contribution to NL is given by the projection of
~h onto the normal vector of the King plane,
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m⌫1 �X1

�!
m⌫2)] · ~h . (8)

NLNP vanishes if

(i) NP mediates a short-range interaction, shorter than
the nuclear size. In this case the electronic param-
eter Xi becomes proportional to the electronic pa-
rameter of the FS, namely Xi / Fi so that the
bracket in Eq. (7) vanishes or

(ii) the isotope-dependent NP contribution ~h is propor-
tional either to �!

mµ or to the reduced charge radius
����!
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2
i, such that the NP contribution can be ab-

sorbed in a redefinition of K21 or F21, respectively.

Finally, solving the set of equations in Eq. (7) deter-
mines the central value of yeyn needed to yield a partic-
ular data set {�!m⌫1,

�!
m⌫2,

�!
mµ},

yeyn =
NL

NLNP
. (9)

The interval of yeyn can be obtained via error propaga-
tion of the uncertainties on the involved quantities. In
case of linearity, yeyn is compatible with zero and the
method reaches its maximal sensitivity, whereas if non-
linearity is found a bound can be set with the experi-
mental resolution at which nonlinearity emerges. In the
following we will adopt the same approach as in Ref. [26]
based on the best-case projection where linearity holds
up to the experimentally achievable precision.
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Fi & ~v are unknown but F21 & K21 can be measured precisely.



Adding light new physics (NP)

♦ New physics part known, precisely calculated:

�!m⌫i = Ki
�!mµ + Fi ~v + yeynXi

~h ,

New forces acts on electron & quarks leads to change of energy levels. 

+ L� = �(yeēe+ ynn̄n)
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In this language LO factorization implies the follow-
ing qualitative statement: any vector of reduced isotope
shifts, �!

m⌫i, must lie in the plane that is defined by �!
mµ

and
����!
m�hr

2
i, as illustrated in the cartoon in the left panel

of Fig. S1.

Note that, because the direction of
����!
m�hr

2
i in this space

is uncertain, theory does not tell us in which direction
this plane is oriented. However, by measuring two IS
vectors, �!

m⌫1 and �!
m⌫2, we can test this statement by

asking whether the three vectors �!
m⌫1,

�!
m⌫2, and �!

mµ are
coplanar. The coplanarity of these vectors corresponds
to King linearity as we can see by rewriting Eq. (3) in
vectorial form �!

m⌫2 = K21
�!
mµ+F21

�!
m⌫1. Like King lin-

earity, coplanarity is a purely data driven test of LO fac-
torization since it is independent of theoretical input. A
change in Ki and Fi will merely change the direction of
�!
m⌫1 and �!

m⌫2 within the plane, but the qualitative state-
ment of coplanarity remains.

In this vector language we can provide a compact ex-
pression for a nonlinearity measure,

NL =
1

2
|(�!m⌫1 ⇥

�!
m⌫2) ·

�!
mµ| . (6)

In terms of the King plot, NL is the area of the triangle
spanned by the three points shown in Fig. S2. Equiva-
lently, in our geometrical picture it is the volume of the
parallelepiped defined by �!

m⌫1,2 and �!
mµ. A given data

set is considered linear if NL is smaller than its first-order
propagated error �NL =

p
⌃k(@NL/@Ok)2�2

k where the
sum runs over all measured observables Ok (modified fre-
quency shifts and isotope masses) with standard devia-
tions �k.

III. NEW PHYSICS AND VIOLATION OF
KING LINEARITY

We now include a NP contribution by adding a third,
also factorized, term to Eq. (2),

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + ↵NPXi �AA0 , (7)

namely Xi depends on the form of the new potential and
on the electronic transition, while �AA0 depends only on
the nuclear properties. The parameter ↵NP is the NP
coupling constant which we would like to probe.

Let us first mention two cases of NP which we do not
expect to be able to probe by testing King linearity. For
short-range NP (shorter than the nuclear size), the elec-
tronic parameters Xi will be proportional to those of FS,
Xi / Fi. In this case the NP term can be absorbed
by redefining �hr

2
iAA0 . Also, if the new physics couples

to electrons and nuclei according to their electric charge
(such as the case of dark-photon [34]), �AA0 = 0. There
may also be cases in which NP can accidentally be ab-
sorbed by redefining Fi. However, a long-range force with
couplings not proportional to the electric charge (and

barring an accidental cancellation) can be severely con-
strained by tests of King linearity.

Equation (3) written in vectorial form becomes

�!
m⌫2 =K21

�!
mµ+F21

�!
m⌫1+↵NP

~hX1 (X21�F21) , (8)

where ~h is the NP vector in reduced frequency units, that
is hAA0 ⌘ �AA0/µAA0 and X21 ⌘ X2/X1. One can see
that NP can lead to a deviation from coplanarity if and
only if (i) the new force is not short-range, X21 6= F21;

(ii) ~h is not aligned with any linear combination of �!
mµ,

�!
m⌫1 or �!

m⌫2.
By solving the set of equations (7) one finds an expres-

sion for ↵NP that is needed to yield a particular dataset
{
�!
m⌫1,

�!
m⌫2,

�!
mµ},

↵NP =
(�!m⌫1 ⇥

�!
m⌫2) ·

�!
mµ

(�!mµ ⇥ ~h) · (X1
�!
m⌫2 � X2

�!
m⌫1)

, (9)

assuming NP is the dominant contribution to non-
linearity. If linearity holds then ↵NP . �↵NP =p

⌃k(@↵NP/@Ok)2�2
k. Hence, the sensitivity to probe

↵NP is lost in the limit where the denominator in Eq. (9)
vanishes, because the NP contribution to nonlinearity is

NLNP =
↵NP

2
(�!mµ ⇥ ~h) · (X1

�!
m⌫2 � X2

�!
m⌫1) . (10)

It is straightforward to check that this happens under the
conditions specified below Eq. (8).

The presented method of limiting ↵NP, Eq. (9), con-
tains theory input only in Xi and hAA0 which describe
how NP a↵ects the IS. The SM contribution in the fac-
torized limit is fully parametrized by the observables ~⌫i

and ~µ. The form of hAA0 depends on the assumed cou-
plings of new physics to nuclei. For example, if the
new interaction couples to quarks, then we expect that
hAA0 / AA

0 [17, 35]. The atomic transition-dependent
factors X1,2 can be reasonably calculated by a many-
body simulation (see the next section). This strategy is
analogous to a search for NP, say, at the LHC, where all
SM backgrounds are estimated using data driven meth-
ods and Monte Carlo simulation is used only in estimat-
ing the signal cross section.

Thus far, most measurements of scalar-isotope shifts
have been consistent with King linearity (see, however,
the case of Samarium [36]). Nevertheless, some level of
nonlinearity is expected to arise from SM higher-order
contributions [37–40]. These contributions, that are re-
lated to nuclear physics and electronic-structure dynam-
ics linked together, are presently not understood in a
quantitative manner for many-electron systems. One
possible source of nonlinearities is of the form of a field
shift that depends on the isotope mass. Precision calcula-
tions recently showed that this e↵ect is of O(10�3

�10�4)
in light atoms [41]. Likewise, such contributions in heav-
ier elements with Z = 20 � 87 [39], but only for S ! P

transitions, are estimated to be of a similar order. Hence,
matching the precision of future measurements motivates
the calculation of the remaining higher-order corrections.
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I. VISUALIZING THE VECTOR SPACE

In the main text we define the following vectors in the A
0 vector space
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As long as �!
m⌫1,2 are spanned by �!

mµ and
����!
m�hr

2
i, the resulting King plot will be linear. In Fig. S1, we illustrate the

vector space of the various components related to isotope shifts that leads to the nonlinearites. The NP contribution

to IS, ↵NPXi
~h, may lift the IS vectors from the (�!mµ,

����!
m�hr

2
i) plane, resulting in a nonlinear King plot. Fig. S2

illustrates a nonlinear King plot, where the area of the triangle corresponds to the NL of Eq. (6).
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FIG. S1: Left: A cartoon of the prediction of factorization, Eq. (5) in vector language. All of the isotope shift measurements

(which are here three dimensional vectors �!m⌫1,2) lie in the plane that is spanned by �!mµ and
����!
m�hr2i. This coplanarity can be

tested by measuring whether �!m⌫1,
�!m⌫2 and �!mµ are coplanar. Right: In the presence of new physics the isotope shift get a

contribution which can point out of the plane. A new long range force can spoil the coplanarity of �!m⌫1,
�!m⌫2 and �!mµ.

m⌫1

m⌫2

NL

m⌫
AA0

1
1 m⌫

AA0
2

1 m⌫
AA0

3
1

m⌫
AA0

3
2

m⌫
AA0

2
2

m⌫
AA0

1
2

AA
0
1

AA
0
2

AA
0
3

1

2
|(�!m⌫1 ⇥

�!
m⌫2) ·

�!
mµ|

FIG. S2: Illustration of nonlinearity in the King plot of the isotope shifts �!m⌫1,2, as defined in Eq. (4), in isotope pairs
AA0

j , j = 1, 2, 3. The area of the triangle corresponds to the NL of Eq. (6).

~v ⌘
����!
m�hr2i



Light mediators

�29

If mediator’s mass, mX , is smaller than inverse of outer electrons than the 
potential is Coulombic.    

If mediator’s mass is smaller than inverse distance of most inner electron from 
the nucleus then the full Yukawa potential is required.  

Otherwise the potential is described via a delta function.

V (r) =

8
>>>><

>>>>:

1
r for mX . ↵me ,

e�rmX

r for ↵me . mX . ↵meZ ,

1
m2

X
�3(r) otherwise .
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FIG. 1: Limits on the electron and neutron couplings (yeyn)
of the new boson of mass m� (for the experimental accuracies
�i specified in the labels). Constraint from existing IS data:
Ca+ (397 nm vs. 866 nm [18], solid red line). IS projections
(dashed lines) for Ca+ (S ! D transitions), Sr+, Sr/Sr+,
and Yb+. For comparison, existing constraints from other
experiments (shaded areas): fifth force [19, 20] (dark orange),
(g � 2)e [21, 22] combined with neutron scattering [23–26]
(light blue) or SN1987A [27] (light orange), and from star
cooling in globular clusters [28–30] (orange). The gray line at
17MeV indicates the yeyn values required to accommodate
the Be anomaly [31, 32].

of-the-art experimental precision, and baring cancellation
between the SM and NP contributions, world-record sen-
sitivity in a certain mass range will be achieved.

II. FACTORIZATION OF NUCLEAR AND
ATOMIC EFFECTS IN ISOTOPE SHIFTS

We now discuss the scaling and factorization properties
of IS which we use to probe NP in this work. Consider an
atomic transition, denoted by i, between narrow atomic
states. The di↵erence in the transition frequency ⌫ com-
paring the isotopes A and A

0 is the IS,

⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i . (1)

At leading order (LO) the IS receives contributions from
two sources, mass shift (MS) and field shift (FS). Mass
shift arises due to a correction to the kinetic energy of
atomic electrons due to the motion of the nucleus. For
independent electrons, this is just replacing me by the
reduced mass but if electrons are correlated, this could
be orders of magnitude larger. Field shift originates from

di↵erent contact interactions between electrons and nu-
clei in isotopes. Putting these two leading contributions
together, the IS can be phenomenologically written as

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + . . . , (2)

where the two terms represent MS and FS respec-
tively [16, 33]. We define µAA0 ⌘ m

�1
A � m

�1
A0 , where

mA and mA0 are the masses of isotopes A and A
0.

The quantity �hr
2
iAA0 is dominated by the di↵erence

in the mean squared charge radii of the two nuclei but
can include other contact interactions. Both µAA0 and
�hr

2
iAA0 are purely nuclear quantities that do not de-

pend on the electronic transition i. Note, however, that
µAA0 is known with high precision, whereas �hr

2
iAA0 is

known only to a limited accuracy. The parameters Ki

and Fi are isotope-independent, transition-dependent co-
e�cients of the MS and FS, and their precise values are
unnecessary in the observable we construct. Each term
of Eq. (2) is a product of a purely nuclear quantity and a
purely electronic quantity, resulting in the factorization
of nuclear and electronic dependence. This is known as
LO factorization.

Given two electronic transitions, i = 1, 2, one can elim-
inate the uncertain �hr

2
iAA0 giving a relation between the

isotope shifts ⌫
AA0

1 and ⌫
AA0

2 . In terms of the modified
IS1, m⌫

AA0

i ⌘ ⌫
AA0

i /µAA0 , this relation is,

m⌫
AA0

2 =K21+F21m⌫
AA0

1 , (3)

with F21 ⌘ F2/F1, and K21 ⌘ K2 � F21K1.
Equation (3) reveals a linear relation between m⌫1 and

m⌫2, giving rise to a straight line in the so-called King
plot of m⌫2 vs m⌫1 [16]. It is important to stress that the
linearity of this equation holds regardless of the precise
values of the Ki and Fi electronic parameters. Testing
linearity necessitates at least three independent isotope
pairs in two transitions, which constitutes a purely data
driven test of LO factorization.

The formulae in our treatment of NP will be simplified
greatly by introducing a geometrical description of LO
factorization. As we will now explain, King linearity is
equivalent to coplanarity of vectors. For each transition
i, we can form a vector

�!
m⌫i ⌘

⇣
m⌫

AA0
1

i , m⌫
AA0

2
i , m⌫

AA0
3

i

⌘
. (4)

The nuclear parameters of field and mass shift, µAA0 and

�hr
2
iAA0 can also be written as vectors �!

mµ and
����!
m�hr

2
i

in the same space (notice that �!
mµ ⌘ (1, 1, 1)) and hence

Eq. (2) becomes

�!
m⌫i = Ki

�!
mµ + Fi

����!
m�hr

2
i. (5)

1
Below we will adopt the notation of adding an m to “modi-

fied” (i.e. normalized by µAA0 ) quantities, such as m�hr2iAA0 ⌘
�hr2iAA0/µAA0 .
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FIG. 3. 95% CL bounds on ye and yn for a protophobic vector
boson of mass mX = 17MeV. The gray region represents the
required and allowed couplings to explain the 8Be anomaly.
The dashed lines show the projected upper bounds on the
couplings from KLV measurements in Sr/Sr+ and Yb+.

V. CONCLUSIONS

In this work we extended the proposal of Ref. [26] to
constrain New Physics (NP) by means of isotope shift
spectroscopy to enable the inclusion of larger data sets
with an arbitrary number of atomic transitions and iso-
tope pairs. As an application of the King linearity viola-
tion (KLV) observable to bound NP couplings, we eval-
uated the constraints resulting from existing data sets of
two di↵erent atomic systems (Ca+ and Yb).

We compare the existing KLV bounds and near-future
projections to present constraints in various models that
can potentially be probed by isotope shifts.

• B�L: The MZ0 -gB�L space is already largely con-
strained by astrophysical and cosmological bounds.
Complementary laboratory probes, however, are
not yet able to confirm those bounds in certain ar-
eas of the parameter space. Here KLV has the po-
tential to become the strongest laboratory bound
for 300 eV . MZ0 . 1MeV.

• Higgs portal: While KLV bounds on standard
Higgs portals are weaker than existing laboratory
bounds, KLV can supersede them in the case of an
enhanced electron or suppressed neutron coupling.
For an enhancement (suppression) by a factor of 10,
KLV could even set the strongest of all bounds in
the range 350 keV . m� . 1MeV. Such a scenario
can be realized e.g. in the leptonic Higgs portal.

• Chameleon: KLV will be able to set the strongest
lower bound M > 500TeV on the interaction scale
of the chameleon with matter.

• Be anomaly: With the anticipated precision, KLV
will fully explore the coupling range of a protopho-
bic vector boson with mass mX = 17MeV needed
to reproduce the observed anomaly in 8Be decays.
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Ex.: Yb+ with Z=70, n=6 and A=168(4)-174(6).
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Yb+ ion-clock

Ytterbium: properties of free atoms
Ytterbium atoms have 70 electrons

and the shell structure (../periodicity/electron_shell_structure/) is  2.8.18.32.8.2.

The ground state electron configuration of ground state gaseous neutral
ytterbium is (../periodicity/electronic_configuration/)  [Xe].4f .6s  and the term
symbol (../periodicity/term_symbol/) is  S .

Atomic spectrum
 
A representation of the atomic spectrum of ytterbium.

Electronic configuration of neutral atomic ytterbium

The electronic configuration of ytterbium.
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The Kossel shell structure of ytterbium.

Ionisation Energies and electron affinity
The electron affinity (../periodicity/electron_affinity/) of ytterbium is 50 kJ mol . The
ionisation energies (../periodicity/ionisation_energy/) of ytterbium are given below.

Ionisation energies of ytterbium

Ionisation energy number Enthalpy / kJ mol

1st (../periodicity/ionisation_energy_1/) 603.4
2nd (../periodicity/ionisation_energy_2/) 1174.8
3rd (../periodicity/ionisation_energy_3/) 2417
4th (../periodicity/ionisation_energy_4/) 4203
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Precision mass measurements: 10-10



Partial solution, comparing different isotope shift, 
searching of nonlinearity in “King plot”

( µAA0 ⌘ 1/mA�1/mA0 = (A0�A)/(AA0) amu�1, where amu ⇡ 0.931GeV)

�⌫AA0

i ⌘ ⌫Ai � ⌫A
0

i = Ki µAA0 + Fi�hr2iAA0 ,

only depend on e-transition

only depend on nucleus

m�⌫2AA0 = F21m�⌫1AA0 +K21 ,

We can solve for �hr2iAA0 to get a linear relation:

King’s factorisation formula (King, 1963):

(with K21 ⌘ (K2 � F21K1) and F21 ⌘ F2/F1 and m�⌫iAA0 ⌘ �⌫iAA0/µAA0 .)
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Ex.: Yb+ with Z=70, n=6 and A=168(4)-174(6).
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Yb+ ion-clock

Ytterbium: properties of free atoms
Ytterbium atoms have 70 electrons

and the shell structure (../periodicity/electron_shell_structure/) is  2.8.18.32.8.2.

The ground state electron configuration of ground state gaseous neutral
ytterbium is (../periodicity/electronic_configuration/)  [Xe].4f .6s  and the term
symbol (../periodicity/term_symbol/) is  S .

Atomic spectrum
 
A representation of the atomic spectrum of ytterbium.

Electronic configuration of neutral atomic ytterbium

The electronic configuration of ytterbium.
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Ex.: Sr(+) with Z=38, n=5 and A=84-88 (90).
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 • Electron Configuration:1s2 2s2p6 3s2p6d10 4s2p6 5s2(1)  

 • Electrons per Energy Level: 2,8,18,8,2(1) 
 

http://environmentalchemistry.com/yogi/chemistry/dictionary/E02.html#Energy_Level


Ex.: Ca(+) with Z=20, n=4 and A=40-48.
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 • Electron Configuration:1s2 2s2p6 3s2p6 4s1 

 • Electrons per Energy Level: 2,8,8,2(1) 
 • 

http://environmentalchemistry.com/yogi/chemistry/dictionary/E02.html#Energy_Level


Ex.: Dy with Z=66, n=6 and A=158-164.
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  Number of Energy Levels: 6   
 First Energy Level: 2  
 Second Energy Level: 8  
 Third Energy Level: 18  
 Fourth Energy Level: 28  
 Fifth Energy Level: 8  
 Sixth Energy Level: 2



The observables

♦ We have 3 isotope shifts              for 2 transitions (i=1,2):

2

FIG. 1: Limits on the electron and neutron couplings (yeyn)
of the new boson of mass m� (for the experimental accuracies
�i specified in the labels). Constraint from existing IS data:
Ca+ (397 nm vs. 866 nm [18], solid red line). IS projections
(dashed lines) for Ca+ (S ! D transitions), Sr+, Sr/Sr+,
and Yb+. For comparison, existing constraints from other
experiments (shaded areas): fifth force [19, 20] (dark orange),
(g � 2)e [21, 22] combined with neutron scattering [23–26]
(light blue) or SN1987A [27] (light orange), and from star
cooling in globular clusters [28–30] (orange). The gray line at
17MeV indicates the yeyn values required to accommodate
the Be anomaly [31, 32].

of-the-art experimental precision, and baring cancellation
between the SM and NP contributions, world-record sen-
sitivity in a certain mass range will be achieved.

II. FACTORIZATION OF NUCLEAR AND
ATOMIC EFFECTS IN ISOTOPE SHIFTS

We now discuss the scaling and factorization properties
of IS which we use to probe NP in this work. Consider an
atomic transition, denoted by i, between narrow atomic
states. The di↵erence in the transition frequency ⌫ com-
paring the isotopes A and A

0 is the IS,

⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i . (1)

At leading order (LO) the IS receives contributions from
two sources, mass shift (MS) and field shift (FS). Mass
shift arises due to a correction to the kinetic energy of
atomic electrons due to the motion of the nucleus. For
independent electrons, this is just replacing me by the
reduced mass but if electrons are correlated, this could
be orders of magnitude larger. Field shift originates from

di↵erent contact interactions between electrons and nu-
clei in isotopes. Putting these two leading contributions
together, the IS can be phenomenologically written as

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + . . . , (2)

where the two terms represent MS and FS respec-
tively [16, 33]. We define µAA0 ⌘ m

�1
A � m

�1
A0 , where

mA and mA0 are the masses of isotopes A and A
0.

The quantity �hr
2
iAA0 is dominated by the di↵erence

in the mean squared charge radii of the two nuclei but
can include other contact interactions. Both µAA0 and
�hr

2
iAA0 are purely nuclear quantities that do not de-

pend on the electronic transition i. Note, however, that
µAA0 is known with high precision, whereas �hr

2
iAA0 is

known only to a limited accuracy. The parameters Ki

and Fi are isotope-independent, transition-dependent co-
e�cients of the MS and FS, and their precise values are
unnecessary in the observable we construct. Each term
of Eq. (2) is a product of a purely nuclear quantity and a
purely electronic quantity, resulting in the factorization
of nuclear and electronic dependence. This is known as
LO factorization.

Given two electronic transitions, i = 1, 2, one can elim-
inate the uncertain �hr

2
iAA0 giving a relation between the

isotope shifts ⌫
AA0

1 and ⌫
AA0

2 . In terms of the modified
IS1, m⌫

AA0

i ⌘ ⌫
AA0

i /µAA0 , this relation is,

m⌫
AA0

2 =K21+F21m⌫
AA0

1 , (3)

with F21 ⌘ F2/F1, and K21 ⌘ K2 � F21K1.
Equation (3) reveals a linear relation between m⌫1 and

m⌫2, giving rise to a straight line in the so-called King
plot of m⌫2 vs m⌫1 [16]. It is important to stress that the
linearity of this equation holds regardless of the precise
values of the Ki and Fi electronic parameters. Testing
linearity necessitates at least three independent isotope
pairs in two transitions, which constitutes a purely data
driven test of LO factorization.

The formulae in our treatment of NP will be simplified
greatly by introducing a geometrical description of LO
factorization. As we will now explain, King linearity is
equivalent to coplanarity of vectors. For each transition
i, we can form a vector

�!
m⌫i ⌘

⇣
m⌫

AA0
1

i , m⌫
AA0

2
i , m⌫

AA0
3

i

⌘
. (4)

The nuclear parameters of field and mass shift, µAA0 and

�hr
2
iAA0 can also be written as vectors �!

mµ and
����!
m�hr

2
i

in the same space (notice that �!
mµ ⌘ (1, 1, 1)) and hence

Eq. (2) becomes

�!
m⌫i = Ki

�!
mµ + Fi

����!
m�hr

2
i. (5)

1
Below we will adopt the notation of adding an m to “modi-

fied” (i.e. normalized by µAA0 ) quantities, such as m�hr2iAA0 ⌘
�hr2iAA0/µAA0 .
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AA0
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FIG. 1: Limits on the electron and neutron couplings (yeyn)
of the new boson of mass m� (for the experimental accuracies
�i specified in the labels). Constraint from existing IS data:
Ca+ (397 nm vs. 866 nm [18], solid red line). IS projections
(dashed lines) for Ca+ (S ! D transitions), Sr+, Sr/Sr+,
and Yb+. For comparison, existing constraints from other
experiments (shaded areas): fifth force [19, 20] (dark orange),
(g � 2)e [21, 22] combined with neutron scattering [23–26]
(light blue) or SN1987A [27] (light orange), and from star
cooling in globular clusters [28–30] (orange). The gray line at
17MeV indicates the yeyn values required to accommodate
the Be anomaly [31, 32].

of-the-art experimental precision, and baring cancellation
between the SM and NP contributions, world-record sen-
sitivity in a certain mass range will be achieved.

II. FACTORIZATION OF NUCLEAR AND
ATOMIC EFFECTS IN ISOTOPE SHIFTS

We now discuss the scaling and factorization properties
of IS which we use to probe NP in this work. Consider an
atomic transition, denoted by i, between narrow atomic
states. The di↵erence in the transition frequency ⌫ com-
paring the isotopes A and A

0 is the IS,

⌫
AA0

i ⌘ ⌫
A
i � ⌫

A0

i . (1)

At leading order (LO) the IS receives contributions from
two sources, mass shift (MS) and field shift (FS). Mass
shift arises due to a correction to the kinetic energy of
atomic electrons due to the motion of the nucleus. For
independent electrons, this is just replacing me by the
reduced mass but if electrons are correlated, this could
be orders of magnitude larger. Field shift originates from

di↵erent contact interactions between electrons and nu-
clei in isotopes. Putting these two leading contributions
together, the IS can be phenomenologically written as

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + . . . , (2)

where the two terms represent MS and FS respec-
tively [16, 33]. We define µAA0 ⌘ m

�1
A � m

�1
A0 , where

mA and mA0 are the masses of isotopes A and A
0.

The quantity �hr
2
iAA0 is dominated by the di↵erence

in the mean squared charge radii of the two nuclei but
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FIG. 1: Limits on the electron and neutron couplings (yeyn)
of the new boson of mass m� (for the experimental accuracies
�i specified in the labels). Constraint from existing IS data:
Ca+ (397 nm vs. 866 nm [18], solid red line). IS projections
(dashed lines) for Ca+ (S ! D transitions), Sr+, Sr/Sr+,
and Yb+. For comparison, existing constraints from other
experiments (shaded areas): fifth force [19, 20] (dark orange),
(g � 2)e [21, 22] combined with neutron scattering [23–26]
(light blue) or SN1987A [27] (light orange), and from star
cooling in globular clusters [28–30] (orange). The gray line at
17MeV indicates the yeyn values required to accommodate
the Be anomaly [31, 32].
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Target accuracy: �m⌫AA0

i /m⌫AA0

i . 10�6 .
(currently: 10�4, projected < 10�9)



The observable: King comparison (1964)

♦ What would be the generic form of                       ?�!m⌫2 vs. �!m⌫1

♦ 3 ISs -                                          : m⌫2 = am⌫21 + bm⌫1 + c

What about existing data ?



Limitation of method

♦ As long as linearity holds bounds are limited by exp’ accuracy: 

↵NP . �↵NP =
q

⌃k(@↵NP/@Ok)2�2
k ,

(OK various exp’ observables.)

3

In this language LO factorization implies the follow-
ing qualitative statement: any vector of reduced isotope
shifts, �!

m⌫i, must lie in the plane that is defined by �!
mµ

and
����!
m�hr

2
i, as illustrated in the cartoon in the left panel

of Fig. S1.

Note that, because the direction of
����!
m�hr

2
i in this space

is uncertain, theory does not tell us in which direction
this plane is oriented. However, by measuring two IS
vectors, �!

m⌫1 and �!
m⌫2, we can test this statement by

asking whether the three vectors �!
m⌫1,

�!
m⌫2, and �!

mµ are
coplanar. The coplanarity of these vectors corresponds
to King linearity as we can see by rewriting Eq. (3) in
vectorial form �!

m⌫2 = K21
�!
mµ+F21

�!
m⌫1. Like King lin-

earity, coplanarity is a purely data driven test of LO fac-
torization since it is independent of theoretical input. A
change in Ki and Fi will merely change the direction of
�!
m⌫1 and �!

m⌫2 within the plane, but the qualitative state-
ment of coplanarity remains.

In this vector language we can provide a compact ex-
pression for a nonlinearity measure,

NL =
1

2
|(�!m⌫1 ⇥

�!
m⌫2) ·

�!
mµ| . (6)

In terms of the King plot, NL is the area of the triangle
spanned by the three points shown in Fig. S2. Equiva-
lently, in our geometrical picture it is the volume of the
parallelepiped defined by �!

m⌫1,2 and �!
mµ. A given data

set is considered linear if NL is smaller than its first-order
propagated error �NL =

p
⌃k(@NL/@Ok)2�2

k where the
sum runs over all measured observables Ok (modified fre-
quency shifts and isotope masses) with standard devia-
tions �k.

III. NEW PHYSICS AND VIOLATION OF
KING LINEARITY

We now include a NP contribution by adding a third,
also factorized, term to Eq. (2),

⌫
AA0

i = Ki µAA0 + Fi �hr
2
iAA0 + ↵NPXi �AA0 , (7)

namely Xi depends on the form of the new potential and
on the electronic transition, while �AA0 depends only on
the nuclear properties. The parameter ↵NP is the NP
coupling constant which we would like to probe.

Let us first mention two cases of NP which we do not
expect to be able to probe by testing King linearity. For
short-range NP (shorter than the nuclear size), the elec-
tronic parameters Xi will be proportional to those of FS,
Xi / Fi. In this case the NP term can be absorbed
by redefining �hr

2
iAA0 . Also, if the new physics couples

to electrons and nuclei according to their electric charge
(such as the case of dark-photon [34]), �AA0 = 0. There
may also be cases in which NP can accidentally be ab-
sorbed by redefining Fi. However, a long-range force with
couplings not proportional to the electric charge (and

barring an accidental cancellation) can be severely con-
strained by tests of King linearity.

Equation (3) written in vectorial form becomes

�!
m⌫2 =K21

�!
mµ+F21

�!
m⌫1+↵NP

~hX1 (X21�F21) , (8)

where ~h is the NP vector in reduced frequency units, that
is hAA0 ⌘ �AA0/µAA0 and X21 ⌘ X2/X1. One can see
that NP can lead to a deviation from coplanarity if and
only if (i) the new force is not short-range, X21 6= F21;

(ii) ~h is not aligned with any linear combination of �!
mµ,

�!
m⌫1 or �!

m⌫2.
By solving the set of equations (7) one finds an expres-

sion for ↵NP that is needed to yield a particular dataset
{
�!
m⌫1,

�!
m⌫2,

�!
mµ},

↵NP =
(�!m⌫1 ⇥

�!
m⌫2) ·

�!
mµ

(�!mµ ⇥ ~h) · (X1
�!
m⌫2 � X2

�!
m⌫1)

, (9)

assuming NP is the dominant contribution to non-
linearity. If linearity holds then ↵NP . �↵NP =p

⌃k(@↵NP/@Ok)2�2
k. Hence, the sensitivity to probe

↵NP is lost in the limit where the denominator in Eq. (9)
vanishes, because the NP contribution to nonlinearity is

NLNP =
↵NP

2
(�!mµ ⇥ ~h) · (X1

�!
m⌫2 � X2

�!
m⌫1) . (10)

It is straightforward to check that this happens under the
conditions specified below Eq. (8).

The presented method of limiting ↵NP, Eq. (9), con-
tains theory input only in Xi and hAA0 which describe
how NP a↵ects the IS. The SM contribution in the fac-
torized limit is fully parametrized by the observables ~⌫i

and ~µ. The form of hAA0 depends on the assumed cou-
plings of new physics to nuclei. For example, if the
new interaction couples to quarks, then we expect that
hAA0 / AA

0 [17, 35]. The atomic transition-dependent
factors X1,2 can be reasonably calculated by a many-
body simulation (see the next section). This strategy is
analogous to a search for NP, say, at the LHC, where all
SM backgrounds are estimated using data driven meth-
ods and Monte Carlo simulation is used only in estimat-
ing the signal cross section.

Thus far, most measurements of scalar-isotope shifts
have been consistent with King linearity (see, however,
the case of Samarium [36]). Nevertheless, some level of
nonlinearity is expected to arise from SM higher-order
contributions [37–40]. These contributions, that are re-
lated to nuclear physics and electronic-structure dynam-
ics linked together, are presently not understood in a
quantitative manner for many-electron systems. One
possible source of nonlinearities is of the form of a field
shift that depends on the isotope mass. Precision calcula-
tions recently showed that this e↵ect is of O(10�3

�10�4)
in light atoms [41]. Likewise, such contributions in heav-
ier elements with Z = 20 � 87 [39], but only for S ! P

transitions, are estimated to be of a similar order. Hence,
matching the precision of future measurements motivates
the calculation of the remaining higher-order corrections.

Berengut, Budker, Delaunay, Flambaum, Frugiuele, Fuchs, Grojean, Harnik, Ozeri, GP & Soreq (17)

♦ Once non-linearity observed bound will be set by observation.

♦ Short range NP:                    is redefined to absorb NP;       Xi / Fi ) ~v

♦ Only useful to bound new physics (barring cancellation).

requires extra carefulness when approaching this limit.


