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Search for the effect of massive bodies on atomic spectra and constraints on
Yukawa-type interactions of scalar particles

N. Leefer,1, ∗ A. Gerhardus,2, † D. Budker,1, 3, 4 V. V. Flambaum,1, 5 and Y. V. Stadnik5, ‡

1Helmholtz-Institut Mainz, Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany
2Bethe Center for Theoretical Physics, Physikalisches Institut der Universität Bonn, 53115 Bonn, Germany

3Physics Department, University of California, Berkeley 94720-7300, USA
4Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

5School of Physics, University of New South Wales, Sydney 2052, Australia
(Dated: July 19, 2016)

We propose a new method to search for hypothetical scalar particles that have feeble interactions
with Standard-Model particles. In the presence of massive bodies, these interactions produce a
non-zero Yukawa-type scalar-field magnitude. Using radio-frequency spectroscopy data of atomic
dysprosium, as well as atomic clock spectroscopy data, we constrain the Yukawa-type interactions
of a scalar field with the photon, electron, and nucleons for a range of scalar-particle masses corre-
sponding to length scales > 10 cm. In the limit as the scalar-particle mass mφ → 0, our derived
limits on the Yukawa-type interaction parameters are: Λγ & 8 × 1019 GeV, Λe & 1.3 × 1019 GeV,
and ΛN & 6× 1020 GeV. Our measurements also constrain combinations of interaction parameters,
which cannot otherwise be probed with traditional anomalous-force measurements. We suggest
further measurements to improve on the current level of sensitivity.

PACS numbers: 14.80.Va,06.20.Jr,32.30.-r

Cosmological and astrophysical observations provide
strong evidence for a dark matter- and dark energy-
dominated universe [1, 2]. While the nature of dark
matter and dark energy is unknown, the evidence from
cosmology and astrophysics has motivated numerous lab-
oratory searches for non-gravitational physics associated
with the dark sector [3]. In the present work, we focus
on scalar (spin-0) models that can produce local variation
of the fundamental constants in the presence of massive
bodies [4].

A scalar field φ may interact with the Standard-Model
(SM) sector via the Yukawa-type Lagrangian:

Lint = −
∑
f

φ

Λf
mf f̄f +

φ

Λγ

FµνF
µν

4
, (1)

where the first term represents the coupling of the scalar
field to the SM fermion fields f , with mf the standard
mass of the fermion and f̄ = f†γ0, and the second term
represents the coupling of the scalar field to the electro-
magnetic field tensor F . Here Λf and Λγ are effective
new-physics energy scales that determine the relevant
non-gravitational coupling strengths. Unless explicitly
stated otherwise, we adopt the natural units ~ = c = 1
in the present work.

Comparing the interaction terms in Eq. (1) with

the relevant terms in the SM Lagrangian, LSM ⊃
−
∑
f mf f̄f−FµνFµν/4, we see that the fermion masses

and the electromagnetic fine-structure constant α are al-
tered according to (see, e.g., [5] for more details):

mf → mf

(
1 +

φ

Λf

)
, α→ α

1− φ/Λγ
' α

(
1 +

φ

Λγ

)
.

(2)
Solving the Euler-Lagrange equation for the full

Lagrangian of φ, which includes the kinetic term,
(∂µφ)(∂µφ)/2, and potential term, −V (φ) = −m2

φφ
2/2,

where mφ is the mass of the scalar particle, gives the
following equation of motion for φ:

(
∂µ∂

µ +m2
φ

)
φ = −

∑
f

mf f̄f

Λf
+
FµνF

µν

4Λγ
, (3)

which shows that SM fermion and electromagnetic fields,
in the presence of the interactions (1), act as sources of
the scalar field φ. The source bodies that we consider
in the present work are composed of atoms, which are
composite systems consisting of neutrons, protons, elec-
trons, and strong and electromagnetic binding energies.
It is, therefore, convenient to express the right-hand side
of Eq. (3) in terms of the fermion mass-energy and nu-
clear Coulomb energy densities as −

∑
f=n,p,e ρf/Λf −

ρCoulomb/Λγ , and so the resulting scalar field generated
by a neutral source atom is given by

φ(r) ≈ −mN

{
A− Z

Λn
+ Z

[
1

Λp
+

5× 10−4

Λe

]
+

1

mNΛγ

[
aCZ(Z − 1)

A1/3
+ Zap + (A− Z)an

]}
︸ ︷︷ ︸

β

e−mφr

4πr
, (4)
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where A is the total nucleon number of the nucleus,
Z is the proton number of the nucleus, and mN =
(mp + mn)/2 = 0.94 GeV is the averaged nucleon mass.
The energy associated with the electrostatic repulsion be-
tween protons in a spherical nucleus of uniform electric-
charge density, aCZ(Z − 1)/A1/3 with aC ≈ 0.7 MeV,
comes from the Bethe-Weizsäcker formula [6], while the
electromagnetic energies of the proton and neutron, ap ≈
+0.63 MeV and an ≈ −0.13 MeV, are derived from the
application of the Cottingham formula [7] to electron-
proton scattering [8].

According to Eq. (2), the generated scalar field (4) will
result in a modification of the fundamental constants in
the vicinity of a massive body. Therefore, experiments,
which search for possible variations of the fundamental
constants (see, e.g., Refs. [9–15]), can be used as sensitive
probes of such scalar fields.

Additionally, the exchange of virtual φ quanta between
two massive bodies results in an anomalous force between
the bodies. For two point masses M1 and M2 separated
by a distance r, the anomalous force is described by the
potential

V (r) = −β1M1

µ1

β2M2

µ2

e−mφr

4πr
, (5)

where β1 and β2, defined in Eq. (4), depend on the com-
position of the respective objects, and µ1 and µ2 are
the nuclear masses for each object. Thus, experiments,
which search for anomalous forces, including torsion pen-
dulum experiments [16–22], lunar laser ranging measure-
ments [23–25] and atom interferometry experiments [26–
33], also serve as sensitive probes of the interactions con-
sidered in the present work.

In this letter, we report constraints on the interaction
parameters in Eq. (1) based on radio-frequency spec-
troscopy of dysprosium and atomic clock measurements.
The attractive feature of using a spectroscopy-based ap-
proach in this context is that spectroscopy measurements
require dealing with only scalar quantities, namely the ra-
tio of two transition frequencies at two different distances
from a massive body, while traditional anomalous-force
measurements usually involve vector quantities, such as
the difference in acceleration of two test bodies in the
presence of a massive body. Additionally, we show that
spectroscopy measurements can be used to probe com-
binations of interaction parameters, which cannot oth-
erwise be probed with traditional anomalous-force mea-
surements.

The experimental details of atomic dysprosium spec-
trscopy have been recounted in earlier publications [12,
34–36]. We briefly revisit the main points here.
Dysprosium (Dy) is a lanthanide element with Z =
66 and seven stable isotopes of mass number A =
156, 158, 160, 161, 162, 163, 164. This atom has a nearly-
degenerate pair of excited, opposite-parity electronic
states, conventionally referred to as states A and B (see
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FIG. 1. (Color online) Schematic of the experimental setup
(not to scale). a) An atomic beam of dysprosium is colli-
mated before entering the interaction chamber. Optical ex-
citation for state preparation is performed with an extended
cavity diode laser (ECDL) and a dye laser pumped by an
argon-ion laser. b,c) Both laser beams are linearly polarized
by in-vacuum optical elements. e) Within the interaction re-
gion, atoms are driven from state B to A by a radio-frequency
electric field resonant with the B → A transition. d) Mirrors
direct fluorescence at 564 nm to a photomultiplier tube that
is placed behind an f) interference filter. g) The experiment’s
frequency reference is provided by a commercial Cs clock. h)
A 300 kg lead mass can be positioned at varying distances
from the atoms by vertical translation. See the text for fur-
ther details.

Fig. 1 of Ref. [36]). The degeneracy occurs due to a com-
bination of the large relativistic energy level shifts that
are common in heavy elements and the complex level
structure arising from the incompletely-filled f -shell in
Dy. The consequences, as they pertain to the present
work, are: i) a transition that might otherwise appear at
optical frequencies instead appears at radio frequencies
(< 1 GHz); ii) the large relativistic corrections make the
energy separation sensitive to changes in α. The combi-
nation of i) and ii) results in a sensitive probe of varying
α in a system that requires only modest measurement
precision.

The sensitivity of an atomic transition frequency to
changes in α can be parametrized as

∆ν = Kα
∆α

α
, (6)

whereKα is the absolute sensitivity parameter for a given
transition with frequency ν. For the Dy transition be-
tween nearly degenerate levels, Kα ≈ 2×1015 Hz [37–40].

Constraints on the interaction parameters in Eq. (4),
as a function of mφ, are obtained by measuring the Dy
transition frequencies in two isotopes, 164Dy and 162Dy,
in the presence of a massive body at varying distances.
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TABLE I. Summary of source body parameters, and atomic dysprosium transition frequency variation constraints. The results
here can be combined with Eq. (8) to give constraints on the new-physics energy scales that appear in Eq. (1), as a function
of the scalar-particle mass mφ. We have assumed that the elemental composition of the Sun is 75% 1H and 25% 4He by mass,
and that the elemental composition of the Moon is a 1:1 ratio of 24Mg16O and 28Si16O2 by number.

Source β/mN M (kg) Size (m) |r1| (m) |r2| (m) |∆ν| (Hz) Ref.
Sun 0.15

Λn
+ 1.1

(
1

Λp
+ 5×10−4

Λe

)
+ 8×10−4

Λγ
2.0× 1030 7.0× 108 1.47× 1011 1.52× 1011 < 0.7 [12]

Moon 10
Λn

+ 10
(

1
Λp

+ 5×10−4

Λe

)
+ 0.03

Λγ
7.3× 1022 1.7× 106 3.69× 108 3.99× 108 < 0.6 [36]

Lead 126
Λn

+ 82
(

1
Λp

+ 5×10−4

Λe

)
+ 0.9

Λγ
300 0.38× 0.38× 0.18 0.95 1.34 < 0.3 This work

The differential equation for φ in a source-free region is
∇2φ ∝ m2

φφ. As a consequence, we cannot generally
treat an extended source as a point mass located at its
origin, even in a system with spherical symmetry, unless
the distance between the apparatus and massive body is
always much greater than the dimensions of both. We,
therefore, define the total scalar field at position r,

Φ(r) =

∫
V

n(r′)φ(r− r′)d3r′

= − β

4π

∫
V

n(r′)
e−mφ|r−r

′|

|r− r′|
d3r′ ≡ β F(mφ, r), (7)

where n is the number density of atoms in the source
mass, the integral is over the position vector r′ within the
volume of the source mass, and β is a source-dependent
parameter that is defined in Eq. (4). We can combine
Eqs. (2), (6), and (7) to give

∆ν = Kα
β

Λγ
[F(mφ, r2)−F(mφ, r1)] . (8)

In the limit as the scalar-particle mass mφ → 0, the
field Φ has a 1/r dependence (for a spherically-symmetric
source) that is proportional to the local gravitational po-
tential, V = −GM/r, where G is Newton’s constant and
M is the mass of the source body. In this range of scalar-
particle masses, the best constraints come from looking
for a correlation between α and the varying gravitational
potential in the laboratory due to Earth’s eccentric orbit
about the Sun. In Ref. [12], it was found that the Dy
transition frequency changed by |∆ν| < 0.7 Hz as the
Earth-Sun distance changed between 1.52× 108 km and
1.47 × 108 km. In the natural unit system, the average
Earth-Sun distance corresponds to a scalar-particle mass
of mφ = 1/R ≈ 10−18 eV. For mφ � 1/R, the expo-
nential fall-off of Φ limits the ability of laboratory ex-
periments, which utilise the eccentricity of Earth’s orbit
around the Sun, to constrain the Yukawa-type interac-
tion parameters.

The changing distance between the Moon and Earth
allows one to investigate couplings for larger values ofmφ.
The Earth-Moon distance is on average 3.84 × 105 km,
center to center. This varies by about 40,000 km with
a period of approximately 27.3 days, thus providing an
avenue for observing the influence of Φ on laboratory

experiments. Complicating the analysis is that the am-
plitude of this variation is not constant with time, vary-
ing between ∼30,000 km and ∼50,000 km. Additionally,
the diameter of Earth is 12,700 km. Thus the laboratory-
Moon distance has a non-negligible daily variation on top
of the approximately monthly variation. To simplify the
analysis, we make use of the observation that Ref. [36]
constrained variation of the Dy transition frequency for
a broad range of oscillation periods, including the daily
and monthly lunar periods, at the level of |∆ν| < 0.6 Hz.
The monthly variation in the Earth-Moon distance is the
most significant, and so we make a conservative bound by
using∼30,000 km, which is the minimal seasonal distance
variation, as the amplitude of the monthly variation in
distance between the Moon and Earth.

To investigate even larger values of mφ, we modulated
the proximity of a 300 kg lead mass near our experimen-
tal setup while measuring the Dy transition frequencies.
A winch attached to the laboratory ceiling was used to
lift and lower the mass next to the apparatus, as shown
in Fig. 1. This changed the distance, and hence altered
the magnitude of the scalar field. In order to minimise
impact on the apparatus, contact of the lead test mass
with the floor was avoided while taking measurements.
The weight is anchored at one point on the winch, thus
mechanical loads on the building structure do not depend
on the position of the lead mass. The lead mass is rectan-
gular in shape, with the dimensions L x W x H of 38 cm
x 38 cm x 18 cm. The center of the mass can be brought
to within 95 cm of the atom interaction region by lifting
the mass to an equal height with the atoms. The mass
is alternatively lowered 95 cm towards the floor. Using
the known experimental and source-mass geometries, the
scalar field amplitude Φ at the position of the Dy atoms
was numerically integrated for various values of mφ and
distance from the Dy atoms using Eq. (7).

During a total time of 80 minutes, the lead was al-
ternated three times back and forth between the up and
down positions. In each step, the transition frequencies
of both Dy isotopes were measured for five minutes per
isotope. The difference in the frequencies measured at
the high and low position was found to be

∆ν =

{
(0.33± 0.20) Hz for 162Dy,
(0.03± 0.19) Hz for 164Dy.
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Averaging the two measurements and assuming uncorre-
lated errors gives the result ∆ν = 0.17(14) Hz. As this
result is essentially consistent with zero at ∼ 1σ, we con-
clude that |∆ν| < 0.3 Hz.

The three limits on ∆ν in the presence of varying dis-
tances between Dy and the various source bodies (see
Table I) exclude the corresponding combinations of pa-
rameters, β/Λγ , where β is a source-dependent function
of interaction parameters, defined in Eq. (4), as functions
of mφ. We present these limits in Table II. We note that
the combinations of parameters β/Λγ cannot be probed
by experiments that search for anomalous forces — such
experiments instead probe the combinations of parame-
ters (β1/µ1−β2/µ2)β3/µ3. If, e.g., the source-dependent
functions β are dominated by the nucleon terms, then
Dy spectroscopy measurements probe the combination
of parameters ΛγΛN (see Fig. 2), while anomalous-force
measurements probe the parameter Λ2

N , assuming an
isotopically-invariant interaction with the nucleons.

By assuming in turn that one of the new-physics energy
scales in Eq. (1) is sufficiently smaller than all of the other
energy scales, we can derive constraints on the individual
energy scales appearing in Eq. (1). We present limits on
the parameter Λγ from Dy spectroscopy measurements in
Fig. 2 and Table II. We have also derived limits on Λγ , Λe
and ΛN using data from other atomic spectroscopy mea-
surements, which are described in Ref. [11]. In Table II,
we summarise all of our derived limits, together with ex-
isting limits from anomalous-force searches. In the limit
as the scalar-particle massmφ → 0, all of our derived lim-
its on Λγ , Λe and ΛN exceed the Planck scale. This is sig-
nificant, since the only other laboratory measurements to
achieve super-Planckian sensitivity to the parameters Λγ
and Λe to date have been torsion pendulum experiments.
We find that the most promising individual-parameter
constraints from atomic spectroscopy, compared to other
methods, are on the parameter Λe; in particular, the con-
straints on Λe from atomic spectroscopy are 1.5 orders of
magnitude better than constraints from atom interferom-
etry in the limit as mφ → 0. The reason for this is that
the sensitivity of traditional anomalous-force searches to
Λ2
e is parametrically suppressed relative to the sensitiv-

ity to Λ2
n and Λ2

p by the small factor (me/mN )2, while
for atomic spectroscopy measurements, which compare
an optical transition frequency with a magnetic hyper-
fine transition frequency, the parametric suppression is
only by the factor me/mN .

Following this preliminary work, it is worthwhile to
consider which other measurements may provide new
valuable information. Firstly, one may use different sys-
tems in the laboratory. Optical frequency measurements
in atoms and ions have recently produced frequency ref-
erences with absolute fractional stability at the ∼10−18

level after several hours of averaging [42–45]. This trans-
lates into an improvement in sensitivity to variation
of α, and hence to the parameter β/Λγ , by approxi-

mately 1 order of magnitude with optical transitions in
trapped atoms and ions over the results presented here
with atomic dysprosium. Further improvements may also
come from the spectroscopy of highly-charged ions [46–
48], molecules [49–51] and the proposed isomeric transi-
tion in 229Th [52–54], as well as laser and maser interfer-
ometry [55].

Secondly, one may implement different experimental
geometries. Shifting the atoms closer to the source mass
can also improve sensitivity to larger mφ. By bringing
trapped atoms or ions to within 1 mm of the surface of
a massive object, one could extend the higher-mass con-
straints up to mφ . 10−4 eV. In order to improve sen-
sitivity to lower-mass scalar particles, one should max-
imise the combination of parameters, M∆F(mφ, r)/N ,
where M is the mass of the source body, N is the num-
ber of atoms that comprise the source body, and F is
the function defined in Eq. (7). Measuring the differ-
ence in the ratio of two clock frequencies in the labo-
ratory and on GPS satellites (using Earth as the source
body) would allow one to probe the scalar-particle masses
mφ . 3 × 10−14 eV, while also providing an increase in
M∆F/N in the limit as mφ → 0 by a factor of 2 com-
pared with laboratory measurements that look for vari-
ations in the ratio of two clock frequencies due to the
eccentricity of Earth’s orbit around the Sun. For mea-
surements that use the Sun as the source body, one may
measure the difference in the ratio of two clock frequen-
cies in the laboratory and on a space probe. For a probe
incident towards the Sun, M∆F/N may be increased by
up to 4 orders of magnitude, while for a probe incident
away from the Sun, M∆F/N may be increased by up
to 1.5 orders of magnitude, compared with laboratory
measurements that look for variations in the ratio of two
clock frequencies due to the eccentricity of Earth’s orbit
around the Sun.

An ideal source body should have the highest possible
mass density. For objects located in the Solar System,
the maximum mass density is limited to 22.6 g/cm3 for
osmium in the laboratory, which is roughly twice that of
lead; however, astrophysical objects outside of our Solar
System can have much larger mass densities, e.g., white-
dwarf stars typically have ρ ∼ 106 g/cm3. The compari-
son of atomic spectra in the vicinity of white-dwarf stars
(see, e.g., Ref. [13]) may thus provide more competitive
constraints than those derived in the present work for
some values of mφ.

This work is supported by the Australian Research
Council (ARC), the DFG Reinhart Koselleck project,
and the ERC (Dark-OST Advanced Project). N. L. was
supported by a Marie Curie International Incoming Fel-
lowship within the 7th European Community Frame-
work Programme. The authors acknowledge the kind
patience and many helpful discussions with Peter Gra-
ham and Michael Hohensee in the initial stages of this
work. N. L. acknowledges Holger Müller for asking the
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FIG. 2. (Color online) Limits on the Yukawa-type interactions of the scalar field φ with the photon, electron and nucleons
(assuming an isotopically-invariant interaction), as defined in Eq. (1). The regions in red correspond to regions of parameters
excluded by the present work. The regions in grey correspond to existing constraints from searches for anomalous forces due to
the exchange of virtual φ quanta [18–21, 25]. See Table II for further details. A detailed geological and topographical analysis
in combination with existing torsion pendulum measurements gives additional constraints (not shown) for 1/REarth . mφ .
10−7 eV (see Refs. [20–22] and the references therein for more details). The region in blue corresponds to existing constraints
from atomic spectroscopy measurements that search for the effects of a relic coherently oscillating field φ = φ0 cos(mφt), which
saturates the local cold dark matter content [36, 41].

qualifying exam question that ultimately inspired this
work.
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TABLE II. Summary of limits on the Yukawa-type interactions of the scalar field φ with the photon, electron and nucleons
(assuming an isotopically-invariant interaction), as defined in Eq. (1). The source-dependent functions β for the Sun, the Moon
and lead are presented in Table I. We have assumed that the elemental composition of Earth is a 1:1:1 ratio of 24Mg16O,
28Si16O2 and 56Fe by number, and have neglected Earth’s internal structure. For the assumed elemental compositions of the
Sun and the Moon, see the caption to Table I.

Method System(s) Source/Attractor Λγ/β (GeV) Λγ (GeV) Λe (GeV) ΛN (GeV) mφ (eV) Ref.
Atomic spectroscopy 162,164Dy/133Cs Sun 1.0× 1043 8× 1019 — — . 1× 10−18 This work
Atomic spectroscopy 1H(hyperfine)/133Cs, Sun — 4× 1019 1.3× 1019 6× 1020 . 1× 10−18 This work
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