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Absolute frequency measurements
• We performed absolute frequency measure-

ments for the 431 nm transition to complete 
the table of isotope shifts. 

• Hyperfine constants are estimated from the 
data. The amount of octupole term by a fit is 
7.6 (4.7) kHz. 

• The hyperfine anomaly for the 431 nm 
transition is -0.084(55), which is orders 
of magnitude smaller than other 
transitions. 

• Difference in nuclear RMS radii 
𝛿 𝑟2 𝐴𝐴′ estimated by the isotope 
shift of the 431 nm transition is 
consistent with Ref. [6]. 

Search for New bosons
• The nonlinearity of the King plot is decomposed into 
 𝜁± = 𝑑168 −𝑑170 ±(𝑑172−𝑑174). (d: residual from the fitted line)
• The nonlinearity of the 431 nm transition data induced by nuclear 

deformation is consistent with other transition. 
• Based on the King plot’s nonlinearity that is consistent with zero 

within 95% confidence level, we put constraint on the existence of 
bosons mediating force between an electron and a neutron. 

• Potential energy for an electron induced by the new boson is
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Spectroscopy of ytterbium
The target of our spectroscopy is 
ytterbium. It has seven stable isotopes, 
and neutral atoms have three narrow-
linewidth transitions. 
431 nm transition
The excited state for the 431 nm transition 
has an inner-shell f electron excited, different 
from two other metastable states. Thanks to 
this, it has high sensitivity to the variation of the fine structure 
constant and a search for new force between an electron and a 
neutron by isotope shift measurements [1,2]. 
 
Observation of the 431 nm transition
We observed the 431 nm transition in 171Yb and performed the 
absolute frequency measurement [3]. 
• The search was initially performed by depleting a magneto-optical 

trap by the 431 nm light whose frequency is scanned iteratively. 
• After the initial search, careful assessments of the magnetic proper-

ties and systematic uncertainties are performed with the frequency 
of the 431 nm light fixed 
in a single sequence. 
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Introduction
Precision spectroscopy has played a key role in the development of the 
modern physics. Now that its relative accuracy is at the level of 10-18, 
various fundamental physics can be explored with it, such as dark 
matter, time variation of fundamental constants, fifth forces, and other 
new physics. Also, nuclear properties can be investigated with higher 
precision than it used to be. 

↑Difference of RMS radii 𝑟2 𝐴𝐴′ against 
mass number A: the average is calculated 
from the data based on the 399, 431, 556, 
and 578 nm transitions. 
←Hyperfine constants obtained by fitting 
experimental data. Top row shows the 
parameters used in the fit. Fitted 
parameters are in the unit of kHz, and 
uncertainties are not inflated by 𝜒2/ndf. 

Summary and outlook
• We performed absolute frequency measurements of the 431 nm 

transition in ytterbium and made a complete table of the isotope 
shift for the stable isotopes. 

• Based on the isotope shift data, hyperfine constants,  nuclear 
charged radii difference and constraint on the new force between a 
neutron and an electron are calculated. 

• We are currently trapping atoms into an optical lattice to perform 
More precise spectroscopy of the 431 nm transition by finding a 
magic-wavelength to improve the sensitivity to the new bosons and 
octupole moment. 
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King plot
• Isotope shifts of a transition can be decomposed into the following 

sources. 
     𝜈𝛼

𝐴𝐴′ = 𝐹𝛼𝛿 𝑟2 𝐴𝐴′   : field shift (FS)
                   +𝐾𝛼𝜇𝐴𝐴′   : mass shift

                   +𝐺𝛼
(4)𝛿 𝑟4 𝐴𝐴′ + 𝐺𝛼

(2) 𝛿 𝑟2 𝐴′′ 2 𝐴𝐴′

: higher order FS

                   +𝑣𝑛𝑒𝑁𝐴𝐴′𝐷𝛼 : effect of new force between e- and n
• To the lowest order, 𝜈𝛽

𝐴𝐴′
/𝜇𝐴𝐴′ is linear to 𝜈𝛼

𝐴𝐴′/𝜇𝐴𝐴′
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𝜇𝐴𝐴′ 𝐺𝛽,𝛼
(4) + [(𝛿 𝑟2 )2]𝐴𝐴′

𝜇𝐴𝐴′ 𝐺𝛽,𝛼
(2) + 𝑣𝑛𝑒𝑁𝐴𝐴′

𝜇𝐴𝐴′ 𝐷𝛽,𝛼

• For even-mass isotopes, the 
431 nm transition data is 
almost linear, but odd-mass
isotopes show large deviation
from the linearity. Further 
investigation is necessary to 
figure out the source of this 
nonlinearity. 

Nonlinearity induced 
by the new boson

Nonlinearity induced 
by nuclear deformation

King plot between the 431 nm transition and the 
578 nm transition (normalized by 𝜈578

𝐴𝐴′/𝜇𝐴𝐴′)→

Nonlinearity of the King plot decomposed on the
𝜁+ − 𝜁+ plane.

Constraint on the existence of the new boson 
mediating a force between an electron and a 
neutron.



Dark matter candidates 

10-20 eV eV 1010 eV 1020 eV 1030 eV 1040 eV10-10 eV

Ultra light DM

Axion

Weakly interacting massive particle (WIMP)

Composite DM, Primordial BH

Mass

10-36 kg10-56 kg 10-46 kg 10-26 kg 10-16 kg 10-6 kg 104 kg

・・・

Objective of this work:
search for ultralight dark matter (mass~10-22 eV) using atomic clocks

This work



Ultralight dark matter (dilatonlike particle)

・10-22 eV is the lowest mass limit if ultralight dark matter is a major constituent
de Brogile wavelength at ~ 10-22 eV is comparable to the sizes of dwarf galaxies

・Behavior as a classical wave
Local dark matter density: 0.3 - 0.4 GeV/cm3

→ large occupation number per mode (Bose-Einstein condensation)

→ de Brogile wavelength >> inter-particle separation

2

long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
[ dα
4µ0

FµνF
µν − dgβ3

2g3
FA
µνF

Aµν

−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)

mq/ΛQCD
,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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FIG. 1. Experimental setup. AOG: auxiliary output genera-
tor, CSO: cryogenic sapphire oscillator.

by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]

√
2GρDM

πf2c2
. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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long averaging times [44].
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cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are

2

long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
[ dα
4µ0

FµνF
µν − dgβ3

2g3
FA
µνF

Aµν

−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)

mq/ΛQCD
,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused

Ultrastable laser

今後の短期計画

Δϕ

狭線幅レーザー 

yYb - yH 
水素メーザー 

Yb光格子時計 

水素メーザー

① 標準供給用の部屋に時計を配備

光格子時計3号機

③ 光周波数コムを開発
　　　→水素メーザーとつなぐ② 不確かさ評価 → 論文発表 

④ 水素メーザーの周波数
変動のモニターを開始

⑤長期運転のボトルネックの発見 → 装置改良

Optical frequency comb

H maserAOG
UTC(NMIJ)

NMIJ-F2NMIJ-Yb1

CSO

FIG. 1. Experimental setup. AOG: auxiliary output genera-
tor, CSO: cryogenic sapphire oscillator.

by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]

√
2GρDM

πf2c2
. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are

2

long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
[ dα
4µ0

FµνF
µν − dgβ3

2g3
FA
µνF

Aµν

−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)

mq/ΛQCD
,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]

√
2GρDM

πf2c2
. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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e.g., W. Hu et al., PRL 85, 1158 (2000).



Let us assume that dark matter interacts with standard model particles.
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long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]
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µν − dgβ3

2g3
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µνF
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∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)

mq/ΛQCD
,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]

√
2GρDM

πf2c2
. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
[ dα
4µ0

FµνF
µν − dgβ3

2g3
FA
µνF

Aµν

−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)

mq/ΛQCD
,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]

√
2GρDM

πf2c2
. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are

Scalar field

Photon or gluon

Photon or gluon



Let us assume that dark matter interacts with standard model particles.

2

long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
[ dα
4µ0

FµνF
µν − dgβ3

2g3
FA
µνF

Aµν

−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)
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,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]

√
2GρDM

πf2c2
. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]
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]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that
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where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:

αðφÞ ¼ αð1þ dαφÞ; meðφÞ ¼ með1þ dme
φÞ;

mqðφÞ ¼ mqð1þ dmq
φÞ; ΛQCDðφÞ ¼ ΛQCDð1þ dgφÞ;

ð2Þ

where ΛQCD denotes the QCD energy scale, mq ¼
ðmu þmdÞ=2, and dmq

¼ ðdmu
mu þ dmd

mdÞ=ðmu þmdÞ.
With the variations of the fundamental constants, the

fractional frequency ratio of two atomic clocks A and B
changes such that
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
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on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
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LInt ¼ φ

!
dα
4μ0

FμνFμν −
dgβ3
2g3

FA
μνFAμν

− c2
X

i¼e;u;d

ðdmi
þ γmi

dgÞmiψ iψ i

"
; ð1Þ

where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:

αðφÞ ¼ αð1þ dαφÞ; meðφÞ ¼ með1þ dme
φÞ;

mqðφÞ ¼ mqð1þ dmq
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where ΛQCD denotes the QCD energy scale, mq ¼
ðmu þmdÞ=2, and dmq

¼ ðdmu
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
þ0.046dmq
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
þ0.046dmq

þ0.954dg&

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GρDM
πf2c2

s

: ð4Þ

The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
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region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
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measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
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optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
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the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme
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Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
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and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
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ing that ρφ consists of the local dark matter density
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
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long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
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where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]
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where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as
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√
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. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
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compared with that of UTC(NMIJ) by counting a beat
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:

αðφÞ ¼ αð1þ dαφÞ; meðφÞ ¼ með1þ dme
φÞ;

mqðφÞ ¼ mqð1þ dmq
φÞ; ΛQCDðφÞ ¼ ΛQCDð1þ dgφÞ;
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where ΛQCD denotes the QCD energy scale, mq ¼
ðmu þmdÞ=2, and dmq

¼ ðdmu
mu þ dmd

mdÞ=ðmu þmdÞ.
With the variations of the fundamental constants, the
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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details of the experimental apparatuses of NMIJ-Yb1
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1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
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(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
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NMIJ-Yb1 is then linked to the H maser with the AOG
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
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the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
þ0.046dmq

þ0.954dg&

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GρDM
πf2c2

s

: ð4Þ

The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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→Variations of fundamental constants might be detected.



Detection of variations of fundamental constants 
→ Frequency ratio of atomic clocks with different atomic species
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Fig. 1. Energy diagram of 171Yb with nuclear spin I = 1/2 relevant for the
optical lattice clock. The Zeeman splittings (m F = ±1/2) of the states 1S0
and 3P0 are shown. To evaluate the hyperpolarizability shift, the frequency of
the optical lattice was tuned to the two-photon resonances 6s6p3P0–6s8p3P0,
6s8p3P2, and 6s5f3F2 (see Section III-A).

the total systematic uncertainties of Yb clocks at RIKEN [6],
KRISS [28], and INRiM [29].

II. EXPERIMENTAL SETUP

We here provide a detailed description of the 171Yb optical
lattice clock whose relevant energy diagram is shown in Fig. 1.
The strong dipole-allowed 6s2 1S0–6s6p 1P1 transition at
399 nm was used for the first-stage magneto-optical trap
(MOT), the Zeeman slower, and the detection of trapped
atoms. The 6s2 1S0–6s6p 3P1 intercombination transition at
556 nm was utilized for the second-stage MOT. The atoms
were then loaded to an optical lattice operated at the magic
wavelength of 759 nm. The atoms were spin polarized using
the 1S0-3P1 transition. The 1S0–3P0 clock transition was
probed by a clock laser at 578 nm. The excitation proba-
bility of the clock transition was deduced using a repump-
ing light at 1389-nm resonant on the 6s6p 3P0–6s5d 3D1
transition.

A. Laser Systems

Fig. 2 shows a schematic of our experimental setup.
A 399-nm light for the first-stage MOT and the Zeeman
slower was generated using a single-pass periodically poled
LiNbO3 (PPLN) waveguide for second harmonic generation
(SHG) [39]. A home-made external cavity diode laser (ECDL)
emitting at 798 nm with a tapered amplifier was used as a
fundamental input laser. An SHG power of 5 mW at 399 nm
was obtained from the PPLN waveguide. This SHG power was
amplified to 200 mW by injection locking of a 399-nm diode
laser (Nichia NDV4B16) [40]. The amplified beam was split
into two parts for the MOT and Zeeman slower. These two
beams were passed through acousto-optic modulators (AOMs)
to tune the frequencies and sent to a vacuum chamber via
single-mode optical fibers (not shown in Fig. 2). The fre-
quency of the 798-nm ECDL was stabilized to a home-made

optical frequency comb based on a mode-locked erbium-
doped fiber laser (fiber comb) [41] operated at a repetition
rate of 122 MHz, which was referenced to the Coordinated
Universal Time of the NMIJ [UTC(NMIJ)]. The stabilization
was carried out using an electrical delay line [42]–[44] by
controlling a piezoelectric transducer (PZT) in the ECDL.

A 556-nm light for the second-stage MOT was generated
by the SHG of a 1112-nm light from a commercially avail-
able cateye ECDL (MOGLabs, CEL002). The output of the
ECDL was amplified by a semiconductor optical amplifier
to a power of 200 mW and coupled to a PPLN waveguide
for the SHG. Since the natural linewidth of the 1S0–3P1
transition is 182 kHz, the linewidth of the laser must be
narrow. Therefore, the linewidth of a stable Nd:YAG laser at
1064 nm, which was stabilized to an ultralow expansion (ULE)
cavity via the Pound–Drever–Hall method, was transferred
to the 556-nm laser using a fiber comb with a broad servo
bandwidth [45], [46]. The 556-nm laser was phased locked
to the comb by the fast control of the laser frequency with
an AOM. A slow frequency drift was compensated for with
the PZT of the ECDL. The 556-nm beam was frequency
shifted by another AOM and sent to the vacuum chamber via
a single-mode fiber (not shown in Fig. 2).

The lattice light at 759 nm was provided by a commercially
available titanium sapphire (Ti:S) laser (M squared, SolsTiS),
which was stabilized using an electrical delay line [42]–[44]
to the same fiber comb referenced to UTC(NMIJ). The
uncertainty in the determination of the laser frequency was
<100 kHz. The laser frequency was monitored with a waveme-
ter and another fiber comb operated at a different repetition
rate (not shown in Fig. 2) to detect laser mode hopping. The
linearly polarized light was passed through a single-mode fiber
and then focused on the atoms with a power of ∼0.5 W. The
1/e2 waist radius of the lattice beam was estimated to be about
∼20 µm. The power incident on the atoms was stabilized by
detecting a small portion of the lattice power and adjusting
the diffraction efficiency of an AOM through which the beam
was passed before being coupled to the fiber (not shown
in Fig. 2).

A 578-nm light for the clock transition was generated by
the SHG of an ECDL operated at 1156 nm using a PPLN
waveguide [47]. The linewidth transfer scheme described ear-
lier was also employed for the clock laser to achieve a narrow
linewidth [48]. The fast frequency control of the ECDL was
realized by feeding back an error signal to the injection current
of the ECDL. An AOM located after the PPLN was used
to provide a slow feedback. The PZT of the ECDL was
employed to keep the frequency of the AOM at 80 MHz. The
frequency stability of the clock laser was estimated to be about
2×10−15 from 1 to 50 s. The clock frequency was scanned by
another AOM. The light was sent to the vacuum chamber via
a single-mode fiber and the power illuminating the atoms was
stabilized in the same manner as the lattice light (not shown
in Fig. 2).

The repumping 1389-nm light was provided by a com-
mercially produced distributed feedback (DFB) laser (NTT
Electronics, NLK1E5GAA). This light was focused on the
atoms with a power of 6 mW, which strongly saturated the
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Fig. 1. Energy diagram of 171Yb with nuclear spin I = 1/2 relevant for the
optical lattice clock. The Zeeman splittings (m F = ±1/2) of the states 1S0
and 3P0 are shown. To evaluate the hyperpolarizability shift, the frequency of
the optical lattice was tuned to the two-photon resonances 6s6p3P0–6s8p3P0,
6s8p3P2, and 6s5f3F2 (see Section III-A).

the total systematic uncertainties of Yb clocks at RIKEN [6],
KRISS [28], and INRiM [29].

II. EXPERIMENTAL SETUP

We here provide a detailed description of the 171Yb optical
lattice clock whose relevant energy diagram is shown in Fig. 1.
The strong dipole-allowed 6s2 1S0–6s6p 1P1 transition at
399 nm was used for the first-stage magneto-optical trap
(MOT), the Zeeman slower, and the detection of trapped
atoms. The 6s2 1S0–6s6p 3P1 intercombination transition at
556 nm was utilized for the second-stage MOT. The atoms
were then loaded to an optical lattice operated at the magic
wavelength of 759 nm. The atoms were spin polarized using
the 1S0-3P1 transition. The 1S0–3P0 clock transition was
probed by a clock laser at 578 nm. The excitation proba-
bility of the clock transition was deduced using a repump-
ing light at 1389-nm resonant on the 6s6p 3P0–6s5d 3D1
transition.

A. Laser Systems

Fig. 2 shows a schematic of our experimental setup.
A 399-nm light for the first-stage MOT and the Zeeman
slower was generated using a single-pass periodically poled
LiNbO3 (PPLN) waveguide for second harmonic generation
(SHG) [39]. A home-made external cavity diode laser (ECDL)
emitting at 798 nm with a tapered amplifier was used as a
fundamental input laser. An SHG power of 5 mW at 399 nm
was obtained from the PPLN waveguide. This SHG power was
amplified to 200 mW by injection locking of a 399-nm diode
laser (Nichia NDV4B16) [40]. The amplified beam was split
into two parts for the MOT and Zeeman slower. These two
beams were passed through acousto-optic modulators (AOMs)
to tune the frequencies and sent to a vacuum chamber via
single-mode optical fibers (not shown in Fig. 2). The fre-
quency of the 798-nm ECDL was stabilized to a home-made

optical frequency comb based on a mode-locked erbium-
doped fiber laser (fiber comb) [41] operated at a repetition
rate of 122 MHz, which was referenced to the Coordinated
Universal Time of the NMIJ [UTC(NMIJ)]. The stabilization
was carried out using an electrical delay line [42]–[44] by
controlling a piezoelectric transducer (PZT) in the ECDL.

A 556-nm light for the second-stage MOT was generated
by the SHG of a 1112-nm light from a commercially avail-
able cateye ECDL (MOGLabs, CEL002). The output of the
ECDL was amplified by a semiconductor optical amplifier
to a power of 200 mW and coupled to a PPLN waveguide
for the SHG. Since the natural linewidth of the 1S0–3P1
transition is 182 kHz, the linewidth of the laser must be
narrow. Therefore, the linewidth of a stable Nd:YAG laser at
1064 nm, which was stabilized to an ultralow expansion (ULE)
cavity via the Pound–Drever–Hall method, was transferred
to the 556-nm laser using a fiber comb with a broad servo
bandwidth [45], [46]. The 556-nm laser was phased locked
to the comb by the fast control of the laser frequency with
an AOM. A slow frequency drift was compensated for with
the PZT of the ECDL. The 556-nm beam was frequency
shifted by another AOM and sent to the vacuum chamber via
a single-mode fiber (not shown in Fig. 2).

The lattice light at 759 nm was provided by a commercially
available titanium sapphire (Ti:S) laser (M squared, SolsTiS),
which was stabilized using an electrical delay line [42]–[44]
to the same fiber comb referenced to UTC(NMIJ). The
uncertainty in the determination of the laser frequency was
<100 kHz. The laser frequency was monitored with a waveme-
ter and another fiber comb operated at a different repetition
rate (not shown in Fig. 2) to detect laser mode hopping. The
linearly polarized light was passed through a single-mode fiber
and then focused on the atoms with a power of ∼0.5 W. The
1/e2 waist radius of the lattice beam was estimated to be about
∼20 µm. The power incident on the atoms was stabilized by
detecting a small portion of the lattice power and adjusting
the diffraction efficiency of an AOM through which the beam
was passed before being coupled to the fiber (not shown
in Fig. 2).

A 578-nm light for the clock transition was generated by
the SHG of an ECDL operated at 1156 nm using a PPLN
waveguide [47]. The linewidth transfer scheme described ear-
lier was also employed for the clock laser to achieve a narrow
linewidth [48]. The fast frequency control of the ECDL was
realized by feeding back an error signal to the injection current
of the ECDL. An AOM located after the PPLN was used
to provide a slow feedback. The PZT of the ECDL was
employed to keep the frequency of the AOM at 80 MHz. The
frequency stability of the clock laser was estimated to be about
2×10−15 from 1 to 50 s. The clock frequency was scanned by
another AOM. The light was sent to the vacuum chamber via
a single-mode fiber and the power illuminating the atoms was
stabilized in the same manner as the lattice light (not shown
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The repumping 1389-nm light was provided by a com-
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Search for harmonic oscillation signals from the Yb/Cs data

2

long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
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FµνF
µν − dgβ3

2g3
FA
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−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that
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(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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δ(fYb/fCs)
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= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]

√
2GρDM

πf2c2
. (5)

The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
[ dα
4µ0

FµνF
µν − dgβ3

2g3
FA
µνF

Aµν

−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)

mq/ΛQCD
,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]
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The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are
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where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
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When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as

A = [−2.52dα−dme+0.046dmq+0.954dg]
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The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
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Long-term comparison is essential to detect the dark matter at ~10-22 eV.

The atomic clocks must be robust for long-term comparison.
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Atomic clocks that have contributed to the calibration of UTC (Coordinated Universal Time)
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Metrology → Search for dark matter

 Yb optical lattice clock NMIJ-Yb1

Cs fountain clock NMIJ-F2

Atomic clocks that have contributed to the calibration of UTC (Coordinated Universal Time)

→



Yb/Cs comparison

used as a local oscillator of NMIJ-F2. Both NMIJ-Yb1 and
NMIJ-F2 are operated nearly continuously. The operation
of NMIJ-Yb1 is supported by a reliable laser system based
on a frequency comb [58], automatic laser relock schemes
[59], and remote controlling systems. The systematic frequ-
ency shifts of NMIJ-Yb1 and NMIJ-F2 are compensated

according to methods described in Refs. [45,53–55]. Some
of the systematic shifts of NMIJ-Yb1 are reevaluated as
described in the Supplemental Material [60].
During a search period of T total ¼ 298 days from

November 17, 2020, to September 11, 2021, the measure-
ment of the frequency ratio Yb=Cs was carried out in two
campaigns with periods of (i) 25 days from November 17,
2020, and (ii) 40 days from August 2, 2021, with uptimes
of 64.4% and 74.5%, respectively. Figure 2(a) shows the
data points of the fractional frequency ratio. The data were
averaged over an interval of 1 × 104 s, since this Letter
aims to search for oscillations at low frequencies. The total
number of the averaged data was Ndata ¼ 447. Figure 2(b)
shows the Allan deviation of the ratio measurement,
indicating the domination of the white frequency noise
in the Yb=Cs data.
To estimate the strength of harmonic oscillation signals

in the measured Yb=Cs ratio, we employed an analysis
method similar to those of Refs. [24,41,43,82]. For each
oscillation frequency f, we carried out the chi-square fit of
the ratio data in Fig. 2(a) by a function p1 cosð2πftÞ þ
p2 sinð2πftÞ þ p3 with free parameters p1, p2, and p3, and
then obtained the amplitude as A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
1 þ p2

2

p
. The ana-

lyzed frequencies were chosen from 1=Ttotal ∼ 3.9 × 10−8

to 4.9 × 10−5 Hz, corresponding to the mass range from
mφ ¼ 1.6 × 10−22 to 2.0 × 10−19 eV=c2. The frequency
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H maserAOG
UTC(NMIJ)

NMIJ-F2NMIJ-Yb1

CSO

FIG. 1. Experimental setup. AOG, auxiliary output generator;
CSO, cryogenic sapphire oscillator.
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Yb/Cs ratio data used for the dark matter search
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FIG. 2. (a) Fractional frequency ratio of Yb/Cs averaged over
an interval of 1×104 s from Modified Julian date 59170 (17th
November 2020). (fYb/fCs)/(f

n
Yb/f

n
Cs)−1 in the vertical axis

denotes the fractional offset of the measured ratio from the
ratio calculated by nominal frequencies fn

Cs = 9192 631 770
Hz and fn

Yb = 518 295 836 590 863.6 Hz [47]. The error bar
indicates the combined statistical and systematic uncertainty
of the frequency measurement [59], dominated by the statis-
tical uncertainty. The red curve shows an example of the fit
of a sinusoidal function. The inset shows an enlarged view of
the data points. (b) Allan deviation of the frequency ratio
calculated from concatenated data. The blue line indicates a
slope of 2.3× 10−13/

√
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operated nearly continuously. The operation of NMIJ-
Yb1 is supported by a reliable laser system based on
a frequency comb [57], automatic laser relock schemes
[58], and remote controlling systems. The systematic
frequency shifts of NMIJ-Yb1 and NMIJ-F2 are compen-
sated according to methods described in Refs. [45, 52–54].
Some of the systematic shifts of NMIJ-Yb1 are reevalu-
ated as described in the Supplemental Material [59].

During a search period of Ttotal = 298 days from 17th
November 2020 to 11th September 2021, the measure-
ment of the frequency ratio Yb/Cs was carried out in two
campaigns with periods of (i) 25 days from 17th Novem-
ber 2020 and (ii) 40 days from 2nd August 2021, with
uptimes of 64.4 % and 74.5 %, respectively. Figure 2
(a) shows the data points of the fractional frequency ra-
tio. The data were averaged over an interval of 1 × 104

s, since this work aims to search for oscillations at low
frequencies. The total number of the averaged data was
Ndata = 447. Figure 2 (b) shows the Allan deviation of
the ratio measurement, indicating the domination of the
white frequency noise in the Yb/Cs data.

To estimate the strength of harmonic oscillation sig-
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obtained from the fit (blue line). The black line shows the
95 % confidence level (CL) of the simulated noise spectrum
for each frequency bin. The green solid and dashed lines indi-
cate the detection thresholds (see text) calculated by a Monte
Carlo simulation and a theoretical calculation, respectively.
(b) Amplitude spectrum A (blue line) and upper limits of A
at the 95 % confidence level (red line).

nals in the measured Yb/Cs ratio, we employed an anal-
ysis method similar to those of Refs. [24, 41, 43, 60].
For each oscillation frequency f , we carried out the chi-
square fit of the ratio data in Fig. 2 (a) by a func-
tion p1 cos(2πft) + p2 sin(2πft) + p3 with free parame-
ters p1, p2, and p3, and then obtained the amplitude as
A =

√
p21 + p22. The analyzed frequencies were chosen

from 1/Ttotal ∼ 3.9 × 10−8 Hz to 4.9 × 10−5 Hz, cor-
responding to the mass range from mϕ = 1.6 × 10−22

eV/c2 to 2.0 × 10−19 eV/c2. The frequency bin width
was determined by ∆f = 1/Ttotal, resulting in the total
bin number of Nf = 1262. We also defined the normal-
ized power spectrum P = A2Ndata/(4σ2) [43, 60], where
σ2 = (2.5 × 10−15)2 denotes the variance of the Yb/Cs
data. Figures 3 (a) and (b) show the obtained power P
and amplitude A as a function of f , respectively (blue
lines).
To determine whether we observed a signal exceeding

a noise level, an expected noise power spectrum was cal-
culated by a Monte Carlo simulation with a white fre-
quency noise model [59]. The black line in Fig. 3 (a)
shows the 95 % confidence level of the noise spectrum
for each frequency bin. We found several events exceed-
ing this level, since many frequency bins (Nf = 1262)
were investigated. To take account of this so-called look-
elsewhere effect, we defined a detection threshold [24, 43]
such that the probability of finding a noise above this
threshold is 5 % for a search involving Nf bins [61]. The
detection threshold was calculated by a Monte Carlo sim-
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tical uncertainty. The red curve shows an example of the fit
of a sinusoidal function. The inset shows an enlarged view of
the data points. (b) Allan deviation of the frequency ratio
calculated from concatenated data. The blue line indicates a
slope of 2.3× 10−13/
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operated nearly continuously. The operation of NMIJ-
Yb1 is supported by a reliable laser system based on
a frequency comb [57], automatic laser relock schemes
[58], and remote controlling systems. The systematic
frequency shifts of NMIJ-Yb1 and NMIJ-F2 are compen-
sated according to methods described in Refs. [45, 52–54].
Some of the systematic shifts of NMIJ-Yb1 are reevalu-
ated as described in the Supplemental Material [59].

During a search period of Ttotal = 298 days from 17th
November 2020 to 11th September 2021, the measure-
ment of the frequency ratio Yb/Cs was carried out in two
campaigns with periods of (i) 25 days from 17th Novem-
ber 2020 and (ii) 40 days from 2nd August 2021, with
uptimes of 64.4 % and 74.5 %, respectively. Figure 2
(a) shows the data points of the fractional frequency ra-
tio. The data were averaged over an interval of 1 × 104

s, since this work aims to search for oscillations at low
frequencies. The total number of the averaged data was
Ndata = 447. Figure 2 (b) shows the Allan deviation of
the ratio measurement, indicating the domination of the
white frequency noise in the Yb/Cs data.

To estimate the strength of harmonic oscillation sig-
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nals in the measured Yb/Cs ratio, we employed an anal-
ysis method similar to those of Refs. [24, 41, 43, 60].
For each oscillation frequency f , we carried out the chi-
square fit of the ratio data in Fig. 2 (a) by a func-
tion p1 cos(2πft) + p2 sin(2πft) + p3 with free parame-
ters p1, p2, and p3, and then obtained the amplitude as
A =

√
p21 + p22. The analyzed frequencies were chosen

from 1/Ttotal ∼ 3.9 × 10−8 Hz to 4.9 × 10−5 Hz, cor-
responding to the mass range from mϕ = 1.6 × 10−22

eV/c2 to 2.0 × 10−19 eV/c2. The frequency bin width
was determined by ∆f = 1/Ttotal, resulting in the total
bin number of Nf = 1262. We also defined the normal-
ized power spectrum P = A2Ndata/(4σ2) [43, 60], where
σ2 = (2.5 × 10−15)2 denotes the variance of the Yb/Cs
data. Figures 3 (a) and (b) show the obtained power P
and amplitude A as a function of f , respectively (blue
lines).
To determine whether we observed a signal exceeding

a noise level, an expected noise power spectrum was cal-
culated by a Monte Carlo simulation with a white fre-
quency noise model [59]. The black line in Fig. 3 (a)
shows the 95 % confidence level of the noise spectrum
for each frequency bin. We found several events exceed-
ing this level, since many frequency bins (Nf = 1262)
were investigated. To take account of this so-called look-
elsewhere effect, we defined a detection threshold [24, 43]
such that the probability of finding a noise above this
threshold is 5 % for a search involving Nf bins [61]. The
detection threshold was calculated by a Monte Carlo sim-
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an interval of 1×104 s from Modified Julian date 59170 (17th
November 2020). (fYb/fCs)/(f

n
Yb/f

n
Cs)−1 in the vertical axis

denotes the fractional offset of the measured ratio from the
ratio calculated by nominal frequencies fn

Cs = 9192 631 770
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Yb = 518 295 836 590 863.6 Hz [47]. The error bar
indicates the combined statistical and systematic uncertainty
of the frequency measurement [59], dominated by the statis-
tical uncertainty. The red curve shows an example of the fit
of a sinusoidal function. The inset shows an enlarged view of
the data points. (b) Allan deviation of the frequency ratio
calculated from concatenated data. The blue line indicates a
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operated nearly continuously. The operation of NMIJ-
Yb1 is supported by a reliable laser system based on
a frequency comb [57], automatic laser relock schemes
[58], and remote controlling systems. The systematic
frequency shifts of NMIJ-Yb1 and NMIJ-F2 are compen-
sated according to methods described in Refs. [45, 52–54].
Some of the systematic shifts of NMIJ-Yb1 are reevalu-
ated as described in the Supplemental Material [59].

During a search period of Ttotal = 298 days from 17th
November 2020 to 11th September 2021, the measure-
ment of the frequency ratio Yb/Cs was carried out in two
campaigns with periods of (i) 25 days from 17th Novem-
ber 2020 and (ii) 40 days from 2nd August 2021, with
uptimes of 64.4 % and 74.5 %, respectively. Figure 2
(a) shows the data points of the fractional frequency ra-
tio. The data were averaged over an interval of 1 × 104

s, since this work aims to search for oscillations at low
frequencies. The total number of the averaged data was
Ndata = 447. Figure 2 (b) shows the Allan deviation of
the ratio measurement, indicating the domination of the
white frequency noise in the Yb/Cs data.

To estimate the strength of harmonic oscillation sig-
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at the 95 % confidence level (red line).

nals in the measured Yb/Cs ratio, we employed an anal-
ysis method similar to those of Refs. [24, 41, 43, 60].
For each oscillation frequency f , we carried out the chi-
square fit of the ratio data in Fig. 2 (a) by a func-
tion p1 cos(2πft) + p2 sin(2πft) + p3 with free parame-
ters p1, p2, and p3, and then obtained the amplitude as
A =

√
p21 + p22. The analyzed frequencies were chosen

from 1/Ttotal ∼ 3.9 × 10−8 Hz to 4.9 × 10−5 Hz, cor-
responding to the mass range from mϕ = 1.6 × 10−22

eV/c2 to 2.0 × 10−19 eV/c2. The frequency bin width
was determined by ∆f = 1/Ttotal, resulting in the total
bin number of Nf = 1262. We also defined the normal-
ized power spectrum P = A2Ndata/(4σ2) [43, 60], where
σ2 = (2.5 × 10−15)2 denotes the variance of the Yb/Cs
data. Figures 3 (a) and (b) show the obtained power P
and amplitude A as a function of f , respectively (blue
lines).
To determine whether we observed a signal exceeding

a noise level, an expected noise power spectrum was cal-
culated by a Monte Carlo simulation with a white fre-
quency noise model [59]. The black line in Fig. 3 (a)
shows the 95 % confidence level of the noise spectrum
for each frequency bin. We found several events exceed-
ing this level, since many frequency bins (Nf = 1262)
were investigated. To take account of this so-called look-
elsewhere effect, we defined a detection threshold [24, 43]
such that the probability of finding a noise above this
threshold is 5 % for a search involving Nf bins [61]. The
detection threshold was calculated by a Monte Carlo sim-
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FIG. 2. (a) Fractional frequency ratio of Yb/Cs averaged over
an interval of 1×104 s from Modified Julian date 59170 (17th
November 2020). (fYb/fCs)/(f
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Yb/f
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Cs)−1 in the vertical axis

denotes the fractional offset of the measured ratio from the
ratio calculated by nominal frequencies fn

Cs = 9192 631 770
Hz and fn

Yb = 518 295 836 590 863.6 Hz [47]. The error bar
indicates the combined statistical and systematic uncertainty
of the frequency measurement [59], dominated by the statis-
tical uncertainty. The red curve shows an example of the fit
of a sinusoidal function. The inset shows an enlarged view of
the data points. (b) Allan deviation of the frequency ratio
calculated from concatenated data. The blue line indicates a
slope of 2.3× 10−13/
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operated nearly continuously. The operation of NMIJ-
Yb1 is supported by a reliable laser system based on
a frequency comb [57], automatic laser relock schemes
[58], and remote controlling systems. The systematic
frequency shifts of NMIJ-Yb1 and NMIJ-F2 are compen-
sated according to methods described in Refs. [45, 52–54].
Some of the systematic shifts of NMIJ-Yb1 are reevalu-
ated as described in the Supplemental Material [59].

During a search period of Ttotal = 298 days from 17th
November 2020 to 11th September 2021, the measure-
ment of the frequency ratio Yb/Cs was carried out in two
campaigns with periods of (i) 25 days from 17th Novem-
ber 2020 and (ii) 40 days from 2nd August 2021, with
uptimes of 64.4 % and 74.5 %, respectively. Figure 2
(a) shows the data points of the fractional frequency ra-
tio. The data were averaged over an interval of 1 × 104

s, since this work aims to search for oscillations at low
frequencies. The total number of the averaged data was
Ndata = 447. Figure 2 (b) shows the Allan deviation of
the ratio measurement, indicating the domination of the
white frequency noise in the Yb/Cs data.

To estimate the strength of harmonic oscillation sig-
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obtained from the fit (blue line). The black line shows the
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for each frequency bin. The green solid and dashed lines indi-
cate the detection thresholds (see text) calculated by a Monte
Carlo simulation and a theoretical calculation, respectively.
(b) Amplitude spectrum A (blue line) and upper limits of A
at the 95 % confidence level (red line).

nals in the measured Yb/Cs ratio, we employed an anal-
ysis method similar to those of Refs. [24, 41, 43, 60].
For each oscillation frequency f , we carried out the chi-
square fit of the ratio data in Fig. 2 (a) by a func-
tion p1 cos(2πft) + p2 sin(2πft) + p3 with free parame-
ters p1, p2, and p3, and then obtained the amplitude as
A =

√
p21 + p22. The analyzed frequencies were chosen

from 1/Ttotal ∼ 3.9 × 10−8 Hz to 4.9 × 10−5 Hz, cor-
responding to the mass range from mϕ = 1.6 × 10−22

eV/c2 to 2.0 × 10−19 eV/c2. The frequency bin width
was determined by ∆f = 1/Ttotal, resulting in the total
bin number of Nf = 1262. We also defined the normal-
ized power spectrum P = A2Ndata/(4σ2) [43, 60], where
σ2 = (2.5 × 10−15)2 denotes the variance of the Yb/Cs
data. Figures 3 (a) and (b) show the obtained power P
and amplitude A as a function of f , respectively (blue
lines).
To determine whether we observed a signal exceeding

a noise level, an expected noise power spectrum was cal-
culated by a Monte Carlo simulation with a white fre-
quency noise model [59]. The black line in Fig. 3 (a)
shows the 95 % confidence level of the noise spectrum
for each frequency bin. We found several events exceed-
ing this level, since many frequency bins (Nf = 1262)
were investigated. To take account of this so-called look-
elsewhere effect, we defined a detection threshold [24, 43]
such that the probability of finding a noise above this
threshold is 5 % for a search involving Nf bins [61]. The
detection threshold was calculated by a Monte Carlo sim-
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ratio calculated by nominal frequencies fn

Cs = 9192 631 770
Hz and fn

Yb = 518 295 836 590 863.6 Hz [47]. The error bar
indicates the combined statistical and systematic uncertainty
of the frequency measurement [59], dominated by the statis-
tical uncertainty. The red curve shows an example of the fit
of a sinusoidal function. The inset shows an enlarged view of
the data points. (b) Allan deviation of the frequency ratio
calculated from concatenated data. The blue line indicates a
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operated nearly continuously. The operation of NMIJ-
Yb1 is supported by a reliable laser system based on
a frequency comb [57], automatic laser relock schemes
[58], and remote controlling systems. The systematic
frequency shifts of NMIJ-Yb1 and NMIJ-F2 are compen-
sated according to methods described in Refs. [45, 52–54].
Some of the systematic shifts of NMIJ-Yb1 are reevalu-
ated as described in the Supplemental Material [59].

During a search period of Ttotal = 298 days from 17th
November 2020 to 11th September 2021, the measure-
ment of the frequency ratio Yb/Cs was carried out in two
campaigns with periods of (i) 25 days from 17th Novem-
ber 2020 and (ii) 40 days from 2nd August 2021, with
uptimes of 64.4 % and 74.5 %, respectively. Figure 2
(a) shows the data points of the fractional frequency ra-
tio. The data were averaged over an interval of 1 × 104

s, since this work aims to search for oscillations at low
frequencies. The total number of the averaged data was
Ndata = 447. Figure 2 (b) shows the Allan deviation of
the ratio measurement, indicating the domination of the
white frequency noise in the Yb/Cs data.

To estimate the strength of harmonic oscillation sig-
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nals in the measured Yb/Cs ratio, we employed an anal-
ysis method similar to those of Refs. [24, 41, 43, 60].
For each oscillation frequency f , we carried out the chi-
square fit of the ratio data in Fig. 2 (a) by a func-
tion p1 cos(2πft) + p2 sin(2πft) + p3 with free parame-
ters p1, p2, and p3, and then obtained the amplitude as
A =

√
p21 + p22. The analyzed frequencies were chosen

from 1/Ttotal ∼ 3.9 × 10−8 Hz to 4.9 × 10−5 Hz, cor-
responding to the mass range from mϕ = 1.6 × 10−22

eV/c2 to 2.0 × 10−19 eV/c2. The frequency bin width
was determined by ∆f = 1/Ttotal, resulting in the total
bin number of Nf = 1262. We also defined the normal-
ized power spectrum P = A2Ndata/(4σ2) [43, 60], where
σ2 = (2.5 × 10−15)2 denotes the variance of the Yb/Cs
data. Figures 3 (a) and (b) show the obtained power P
and amplitude A as a function of f , respectively (blue
lines).
To determine whether we observed a signal exceeding

a noise level, an expected noise power spectrum was cal-
culated by a Monte Carlo simulation with a white fre-
quency noise model [59]. The black line in Fig. 3 (a)
shows the 95 % confidence level of the noise spectrum
for each frequency bin. We found several events exceed-
ing this level, since many frequency bins (Nf = 1262)
were investigated. To take account of this so-called look-
elsewhere effect, we defined a detection threshold [24, 43]
such that the probability of finding a noise above this
threshold is 5 % for a search involving Nf bins [61]. The
detection threshold was calculated by a Monte Carlo sim-
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Detection threshold 
Theory

Monte Carlo

We define the detection threshold such that the probability of finding a noise above
this threshold is 5% for a search involving many frequency bins (1262 bins in this case).

e.g., A. Hees et al., PRL 117, 061301 (2016).
        P. Wscilo et al., Sci. Adv. 4, eaau4846 (2018).

No signals exceeding the detection threshold
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FIG. 2. (a) Fractional frequency ratio of Yb/Cs averaged over
an interval of 1×104 s from Modified Julian date 59170 (17th
November 2020). (fYb/fCs)/(f

n
Yb/f

n
Cs)−1 in the vertical axis

denotes the fractional offset of the measured ratio from the
ratio calculated by nominal frequencies fn

Cs = 9192 631 770
Hz and fn

Yb = 518 295 836 590 863.6 Hz [47]. The error bar
indicates the combined statistical and systematic uncertainty
of the frequency measurement [59], dominated by the statis-
tical uncertainty. The red curve shows an example of the fit
of a sinusoidal function. The inset shows an enlarged view of
the data points. (b) Allan deviation of the frequency ratio
calculated from concatenated data. The blue line indicates a
slope of 2.3× 10−13/

√
(τ/s).

operated nearly continuously. The operation of NMIJ-
Yb1 is supported by a reliable laser system based on
a frequency comb [57], automatic laser relock schemes
[58], and remote controlling systems. The systematic
frequency shifts of NMIJ-Yb1 and NMIJ-F2 are compen-
sated according to methods described in Refs. [45, 52–54].
Some of the systematic shifts of NMIJ-Yb1 are reevalu-
ated as described in the Supplemental Material [59].

During a search period of Ttotal = 298 days from 17th
November 2020 to 11th September 2021, the measure-
ment of the frequency ratio Yb/Cs was carried out in two
campaigns with periods of (i) 25 days from 17th Novem-
ber 2020 and (ii) 40 days from 2nd August 2021, with
uptimes of 64.4 % and 74.5 %, respectively. Figure 2
(a) shows the data points of the fractional frequency ra-
tio. The data were averaged over an interval of 1 × 104

s, since this work aims to search for oscillations at low
frequencies. The total number of the averaged data was
Ndata = 447. Figure 2 (b) shows the Allan deviation of
the ratio measurement, indicating the domination of the
white frequency noise in the Yb/Cs data.

To estimate the strength of harmonic oscillation sig-
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FIG. 3. (a) Normalized power spectrum P = A2Ndata/(4σ
2)

obtained from the fit (blue line). The black line shows the
95 % confidence level (CL) of the simulated noise spectrum
for each frequency bin. The green solid and dashed lines indi-
cate the detection thresholds (see text) calculated by a Monte
Carlo simulation and a theoretical calculation, respectively.
(b) Amplitude spectrum A (blue line) and upper limits of A
at the 95 % confidence level (red line).

nals in the measured Yb/Cs ratio, we employed an anal-
ysis method similar to those of Refs. [24, 41, 43, 60].
For each oscillation frequency f , we carried out the chi-
square fit of the ratio data in Fig. 2 (a) by a func-
tion p1 cos(2πft) + p2 sin(2πft) + p3 with free parame-
ters p1, p2, and p3, and then obtained the amplitude as
A =

√
p21 + p22. The analyzed frequencies were chosen

from 1/Ttotal ∼ 3.9 × 10−8 Hz to 4.9 × 10−5 Hz, cor-
responding to the mass range from mϕ = 1.6 × 10−22

eV/c2 to 2.0 × 10−19 eV/c2. The frequency bin width
was determined by ∆f = 1/Ttotal, resulting in the total
bin number of Nf = 1262. We also defined the normal-
ized power spectrum P = A2Ndata/(4σ2) [43, 60], where
σ2 = (2.5 × 10−15)2 denotes the variance of the Yb/Cs
data. Figures 3 (a) and (b) show the obtained power P
and amplitude A as a function of f , respectively (blue
lines).
To determine whether we observed a signal exceeding

a noise level, an expected noise power spectrum was cal-
culated by a Monte Carlo simulation with a white fre-
quency noise model [59]. The black line in Fig. 3 (a)
shows the 95 % confidence level of the noise spectrum
for each frequency bin. We found several events exceed-
ing this level, since many frequency bins (Nf = 1262)
were investigated. To take account of this so-called look-
elsewhere effect, we defined a detection threshold [24, 43]
such that the probability of finding a noise above this
threshold is 5 % for a search involving Nf bins [61]. The
detection threshold was calculated by a Monte Carlo sim-
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Limits on A → Limits on the coupling coefficients

Variations of fundamental constants Variation of the Yb/Cs frequency ratio
Coupling coefficients

over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]

LInt ¼ φ

!
dα
4μ0

FμνFμν −
dgβ3
2g3

FA
μνFAμν

− c2
X

i¼e;u;d

ðdmi
þ γmi

dgÞmiψ iψ i

"
; ð1Þ

where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:

αðφÞ ¼ αð1þ dαφÞ; meðφÞ ¼ með1þ dme
φÞ;

mqðφÞ ¼ mqð1þ dmq
φÞ; ΛQCDðφÞ ¼ ΛQCDð1þ dgφÞ;

ð2Þ

where ΛQCD denotes the QCD energy scale, mq ¼
ðmu þmdÞ=2, and dmq

¼ ðdmu
mu þ dmd

mdÞ=ðmu þmdÞ.
With the variations of the fundamental constants, the

fractional frequency ratio of two atomic clocks A and B
changes such that

δðfA=fBÞ
fA=fB

¼ kα
δα
α
þ kme

δðme=ΛQCDÞ
me=ΛQCD

þ kmq

δðmq=ΛQCDÞ
mq=ΛQCD

;

ð3Þ

where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
þ0.046dmq

þ0.954dg&

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GρDM
πf2c2

s

: ð4Þ

The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
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, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:
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φÞ;
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are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:
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mqðφÞ ¼ mqð1þ dmq
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ð2Þ

where ΛQCD denotes the QCD energy scale, mq ¼
ðmu þmdÞ=2, and dmq
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mdÞ=ðmu þmdÞ.
With the variations of the fundamental constants, the
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¼ −1, and kmq
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Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
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and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
þ0.046dmq

þ0.954dg&

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GρDM
πf2c2

s

: ð4Þ

The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
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, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
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, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]

LInt = ϕ
[ dα
4µ0

FµνF
µν − dgβ3

2g3
FA
µνF

Aµν

−c2
∑

i=e,u,d

(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that

δ(fA/fB)

fA/fB
= kα

δα

α
+kme

δ(me/ΛQCD)

me/ΛQCD
+kmq

δ(mq/ΛQCD)

mq/ΛQCD
,

(3)
where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
used in previous atomic clock experiments [26–36]. From
Eqs. (2) and (3), the frequency ratio fluctuation caused
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by the scalar field is given by
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(4)
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The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in
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we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
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ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]
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magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
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the anomalous dimension describing the
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, dmu
, dmd

, and dg are coupling coefficients of the scalar
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the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
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and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:
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where ΛQCD denotes the QCD energy scale, mq ¼
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
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In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
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clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
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butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]

LInt ¼ φ

!
dα
4μ0

FμνFμν −
dgβ3
2g3

FA
μνFAμν

− c2
X

i¼e;u;d

ðdmi
þ γmi

dgÞmiψ iψ i

"
; ð1Þ

where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
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, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
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are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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is estimated from the local dark matter density
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long averaging times [44].
In this paper, we report on a search for the oscillat-

ing scalar dark matter fields with frequency comparison
data between an 171Yb optical lattice clock and a 133Cs
fountain clock that span 298 days with an uptime of 15.4
%. The main technical advantage in our search is the
robustness of the Yb optical lattice clock which can be
operated with high uptimes for several months [45]. We
establish improved constraints on the couplings of the
scalar field to electrons and gluons in the mass range
from mϕ = 10−22 eV/c2 to 10−20 eV/c2, assuming that
each of these couplings is the dominant source of the os-
cillation. In addition to the dark matter search, we also
provide the absolute frequency of the Yb clock transition,
which is one of the important contributions towards a re-
definition of the SI second [46, 47].

We consider linear couplings between the scalar field
and the standard model particles described by the inter-
action Lagrangian [18, 19, 43]
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−c2
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(dmi + γmidg)miψ̄iψi

]
, (1)

where ϕ denotes a dimensionless scalar field relative to
the Planck scale [18, 43], Fµν the electromagnetic ten-
sor, µ0 the magnetic permeability, FA

µν the gluon field
strength tensor, g3 the QCD coupling constant, β3 the β
function for the running of g3, γmi the anomalous dimen-
sion describing the running of the mass mi of the QCD-
coupled fermion, and ψi the fermion spinor. Five dimen-
sionless coefficients dα, dme , dmu , dmd , and dg are cou-
pling coefficients of the scalar field to photons, electrons,
up and down quarks, and gluons, respectively. These
couplings result in the following linear dependence of the
fundamental constants with respect to the scalar field [18]

α(ϕ) = α(1 + dαϕ), me(ϕ) = me(1 + dmeϕ),

mq(ϕ) = mq(1 + dmqϕ), ΛQCD(ϕ) = ΛQCD(1 + dgϕ),

(2)

where ΛQCD denotes the QCD energy scale, mq = (mu+
md)/2, and dmq = (dmumu + dmdmd)/(mu +md).

With the variations of the fundamental constants, the
fractional frequency ratio of two atomic clocks A and B
changes such that
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where kα, kme , and kmq are sensitivity coefficients [48].
For the Yb/Cs ratio, atomic and nuclear structure cal-
culations yield kα = −2.52, kme = −1, and kmq = 0.046
[49–51]. Note that me/ΛQCD is used in Eq. (3) instead of
the proton-to-electron mass ratio in conventional formula
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by the scalar field is given by

δ(fYb/fCs)

fYb/fCs
= [−2.52dα − dme + 0.046dmq + 0.954dg]ϕ.

(4)
When the scalar field oscillates as ϕ(t) ∼ ϕ0 cos(2πft)
with a frequency given by the Compton frequency f =
mϕc2/h (h: Planck constant), and carrys an energy den-
sity of ρϕ = c2πf2ϕ2

0/(2G) (G: Newtonian constant of
gravitation) [43], the frequency ratio oscillates such that
δ(fYb/fCs)/(fYb/fCs) ∼ A cos(2πft). Assuming that
ρϕ consists of the local dark matter density ρDM ∼ 0.3
GeV/cm3, the relationship between the amplitude A and
the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A
in the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice
clock (NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2).
The details of the experimental apparatuses of NMIJ-
Yb1 and NMIJ-F2 are described in Refs. [45, 52–54],
and thus we here provide a brief description. NMIJ-
Yb1 utilizes the 1S0−3P0 electronic transition of 171Yb
at 518 THz, and NMIJ-F2 the |F = 3,mF = 0⟩ →
|F = 4,mF = 0⟩ hyperfine transition of the ground state
of 133Cs at 9.2 GHz. These two clocks are compared
through a H maser which generates the Coordinated Uni-
versal Time of NMIJ (UTC(NMIJ)) with an auxiliary
output generator (AOG). The frequency of NMIJ-Yb1 is
compared with that of UTC(NMIJ) by counting a beat
frequency between an ultrastable laser for probing the
transition of Yb and an optical frequency comb [55] which
is phase locked to UTC(NMIJ). NMIJ-Yb1 is then linked
to the H maser with the AOG frequency measured by a
time-interval counter. The frequency of NMIJ-F2 is com-
pared with that of the H maser via an ultrastable cryo-
genic sapphire oscillator (CSO) [56] used as a local os-
cillator of NMIJ-F2. Both NMIJ-Yb1 and NMIJ-F2 are

over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
action Lagrangian [18,19,43]

LInt ¼ φ

!
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:

αðφÞ ¼ αð1þ dαφÞ; meðφÞ ¼ með1þ dme
φÞ;

mqðφÞ ¼ mqð1þ dmq
φÞ; ΛQCDðφÞ ¼ ΛQCDð1þ dgφÞ;

ð2Þ

where ΛQCD denotes the QCD energy scale, mq ¼
ðmu þmdÞ=2, and dmq

¼ ðdmu
mu þ dmd

mdÞ=ðmu þmdÞ.
With the variations of the fundamental constants, the

fractional frequency ratio of two atomic clocks A and B
changes such that
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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instability of the Si/H measurement induced by flicker
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
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, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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over 33 days [41]. Assuming that the scalar fields pre-
dominantly couple to electrons, this report put constraints
on the coupling between the scalar field andme in the mass
region from mφ ¼ 10−21 to 10−18 eV=c2. To extend the
search to the lowest mass limit of 10−22 eV=c2, longer
measurement periods are required. It is also desirable to
compare an optical lattice clock or a single ion optical clock
with a fountain microwave clock to improve the dark matter
detection sensitivity that is limited by the frequency
instability of the Si/H measurement induced by flicker
and random-walk frequency noises at long averaging
times [44].
In this Letter, we report on a search for the oscillating

scalar dark matter fields with frequency comparison data
between a 171Yb optical lattice clock and a 133Cs fountain
clock that span 298 days with an uptime of 15.4%. Themain
technical advantage in our search is the robustness of the Yb
optical lattice clock, which can be operated with high
uptimes for several months [45]. We establish improved
constraints on the couplings of the scalar field to elec-
trons and gluons in the mass range from mφ ¼ 10−22 to
10−20 eV=c2, assuming that each of these couplings is the
dominant source of the oscillation. In addition to the dark
matter search, we also provide the absolute frequency of the
Yb clock transition, which is one of the important contri-
butions toward a redefinition of the second in the
International System of Units [46,47].
We consider linear couplings between the scalar field

and the standard model particles described by the inter-
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where φ denotes a dimensionless scalar field relative to the
Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
magnetic permeability, FA

μν the gluon field strength tensor,
g3 the QCD coupling constant, β3 the β function for the
running of g3, γmi

the anomalous dimension describing the
running of the mass mi of the QCD-coupled fermion, and
ψ i the fermion spinor. Five dimensionless coefficients dα,
dme

, dmu
, dmd

, and dg are coupling coefficients of the scalar
field to photons, electrons, up and down quarks, and
gluons, respectively. It has been shown in Ref. [18] that
these couplings result in the following linear dependence of
the fundamental constants with respect to the scalar field:
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where kα, kme
, and kmq

are sensitivity coefficients [48]. For
the Yb/Cs ratio, atomic and nuclear structure calculations
yield kα ¼ −2.52, kme

¼ −1, and kmq
¼ 0.046 [49–51].

Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
previous atomic clock experiments [26–36]. From Eqs. (2)
and (3), the relationship between δðfYb=fCsÞ=ðfYb=fCsÞ
and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
an energy density of ρφ ¼ c2πf2φ2

0=ð2GÞ (G, Newtonian
constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as
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The goal of the analysis is to estimate the amount of A in
the experimental data.
The experimental setup is schematically described in

Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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dominantly couple to electrons, this report put constraints
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measurement periods are required. It is also desirable to
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with a fountain microwave clock to improve the dark matter
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optical lattice clock, which can be operated with high
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Planck scale [18,43], Fμν the electromagnetic tensor, μ0 the
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gluons, respectively. It has been shown in Ref. [18] that
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Note that me=ΛQCD is used in Eq. (3) instead of the proton-
to-electron mass ratio [52] in conventional formula used in
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and φ is obtained. When the scalar field oscillates as φðtÞ ∼
φ0 cosð2πftÞ with a frequency given by the Compton
frequency f ¼ mφc2=h (h, Planck constant), and carries
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constant of gravitation) [43], the frequency ratio oscillates
such that δðfYb=fCsÞ=ðfYb=fCsÞ ∼ A cosð2πftÞ. Assum-
ing that ρφ consists of the local dark matter density
ρDM ∼ 0.3 GeV=cm3, the relationship between the ampli-
tude A and the coupling coefficients is obtained as

A¼½−2.52dα−dme
þ0.046dmq

þ0.954dg&

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GρDM
πf2c2

s

: ð4Þ

The goal of the analysis is to estimate the amount of A in
the experimental data.
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Fig. 1. At National Metrology Institute of Japan (NMIJ),
we developed two atomic clocks: an Yb optical lattice clock
(NMIJ-Yb1) and a Cs fountain clock (NMIJ-F2). The
details of the experimental apparatuses of NMIJ-Yb1
and NMIJ-F2 are described in Refs. [45,53–55], and thus
we here provide a brief description. NMIJ-Yb1 uses the
1S0-3P0 electronic transition of 171Yb at 518 THz, and
NMIJ-F2 the jF ¼ 3; mF ¼ 0i → jF ¼ 4; mF ¼ 0i hyper-
fine transition of the ground state of 133Cs at 9.2 GHz.
These two clocks are compared through a H maser that
generates the Coordinated Universal Time of NMIJ [UTC
(NMIJ)] with an auxiliary output generator (AOG). The
frequency of NMIJ-Yb1 is compared with that of UTC
(NMIJ) by counting a beat frequency between an ultra-
stable laser for probing the transition of Yb and an optical
frequency comb [56] that is phase locked to UTC(NMIJ).
NMIJ-Yb1 is then linked to the H maser with the AOG
frequency measured by a time-interval counter. The fre-
quency of NMIJ-F2 is compared with that of the H maser
via an ultrastable cryogenic sapphire oscillator (CSO) [57]
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We use 6 yrs of accurate hyperfine frequency comparison data of the dual rubidium and caesium cold
atom fountain FO2 at LNE-SYRTE to search for a massive scalar dark matter candidate. Such a scalar field
can induce harmonic variations of the fine structure constant, of the mass of fermions, and of the quantum
chromodynamic mass scale, which will directly impact the rubidium/caesium hyperfine transition
frequency ratio. We find no signal consistent with a scalar dark matter candidate but provide improved
constraints on the coupling of the putative scalar field to standard matter. Our limits are complementary to
previous results that were only sensitive to the fine structure constant and improve them by more than an
order of magnitude when only a coupling to electromagnetism is assumed.

DOI: 10.1103/PhysRevLett.117.061301

While thoroughly tested [1], the theory of general
relativity (GR) is currently challenged by theoretical con-
siderations and by galactic and cosmological observations.
Indeed, the development of a quantum theory of gravitation
or of a theory that would unify gravitation with the other
fundamental interactions leads to deviations from GR.
These modifications are usually characterized by the
introduction of new fields in addition to the space-time
metric to model the gravitational interaction. For example,
string theory generically predicts the existence of new
scalar fields (dilaton, moduli, axions). In addition, in the
current cosmological paradigm, some galactic and cosmo-
logical observations are explained by the introduction of
cold dark matter (DM) and of dark energy. Little is
currently known about these two components that con-
stitute the major part of our Universe. They can be
interpreted as new types of matter (although they have
not been directly detected so far), as a modification of the
theory of gravitation, or even as a combination of the two.
The introduction of nonminimally coupled scalar fields

additionally to GR (tensor-scalar theories) generally leads
to a space-time dependence of fundamental constants,
which can then be searched for by experiments that test
the Einstein equivalence principle (EEP) like weak equiv-
alence principle (WEP) tests or tests of local position or
Lorentz invariance (LPI and LLI) [1]. In the past, spec-
troscopy of different atomic transitions has been widely
used to carry out such searches and has set the tightest
limits so far on a possible present-day space-time variation
of fundamental constants [2–14].
Such scalar fields could be a candidate for DM and/or

dark energy. Different cosmological evolutions of the scalar
fields are possible (see, e.g. [15,16]). In several scenarios
(in particular, in the one defined by the action below), a

massive scalar field will oscillate at a frequency related to
its mass, leading to a corresponding oscillation of funda-
mental constants (see, e.g. [17,18]). Recently, atomic
spectroscopy of Dy has been used to constrain such
oscillations [2] of the fine structure constant α. In this
Letter, we present limits on possible oscillations of a linear
combination of constants (α, quark mass, and Λ quantum
chromodynamics—QCD—mass scale) using ≈6 yrs of
highly accurate hyperfine frequency comparison of 87Rb
and 133Cs atoms. This provides complementary constraints
to those from Dy spectroscopy [2] which is sensitive to α
alone. When assuming a variation of α only, our results
improve the limits of [2] by over an order of magnitude.
Tensor-scalar theories of gravitation have been widely

studied as an extension of GR (see, for example [19–23]
and references therein) motivated by unification theories
[15,24–27] or by models of dark energy [28–31].
Moreover, models of a light scalar field coupled to DM
have been proposed [32–36] as well as bosonic models of
DM [37–39]. In this Letter, we focus on a massive scalar
field model of DM parametrized by the action (see, e.g.
[40])

S ¼ 1

c

Z
d4x

ffiffiffiffiffiffi−gp

2κ
½R − 2gμν∂μφ∂νφ − VðφÞ%

þ 1

c

Z
d4x

ffiffiffiffiffiffi−gp ½LSMðgμν;ΨÞ þ Lintðgμν;φ;ΨÞ%; ð1Þ

with κ ¼ 8πG=c4 where G is Newton’s constant, R the
curvature scalar of the space-time metric gμν, φ a dimen-
sionless scalar field (the dimensionless scalar field φ is
related to the scalar field ϕ of [2,17] through
φ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πG=cℏ

p
ϕ ¼

ffiffiffiffiffiffi
4π

p
ϕ=MPl, with MPl the Planck
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Dimensionless

In this work, the following convention is employed.
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Planck mass ~ 1019 GeV/c2

A. Hees et al., PRL 117, 061301 (2016).

Estimation of the field amplitude from the local dark matter density
Assumption



New limit by Yb/Cs

Q
ua

rk
 c

ou
pl

in
g

G
lu

on
 c

ou
pl

in
g

Ph
ot

on
 c

ou
pl

in
g

El
ec

tro
n 

co
up

lin
g

New limit by Yb/Cs

Shaded area: excluded at the 95% confidence level
T. Kobayashi et al., Phys. Rev. Lett. 129, 241301 (2022).

New limits on the electron and gluon couplings by our Yb/Cs measurement

Figure taken from A. Kawasaki, Applied Physics Review 12, 041331 (2025).



5

FIG. 2. Exclusion plot for the QCD axion coupling 1/fa as
a function of the axion mass, ma. The limits based on the
long-term measurements of the frequency ratio ⌫E3/⌫E2 in a
single-ion optical clock are shown in dark red. The dashed line
is a projection assuming amplitude limits at the 1 ⇥ 10�18-
level. Existing limits based on oscillating neutron electric
dipole moment [60] are shown in brown, and theory limits
due to density e↵ects of the Earth [61] as a dotted green
line. Bounds from existing spectroscopy experiments are also
shown: Rb/Cs [12] (turquoise), Yb/Cs [14] (orange), H/Si [13]
(purple).

improved search. The projections shown in the plots as-
sume amplitude limits at the 1⇥10�18 level, which could
be obtained with the present ⌫E3 instability and similar
measurement time.

In summary, we show that UDM interacting with the
QCD sector leads to oscillations of the nuclear charge
radius and consequently of electronic transition frequen-
cies, which can be investigated with high precision in
optical clocks. We apply this idea to two transitions in
171Yb+. A long-term measurement of the frequency ra-
tio, and the calculated sensitivities, provide constraints
on the coupling of UDM to quarks and gluons. While
these results only improve the coupling dg for a small
mass range, they constitute, to our knowledge, the first
investigation of UDM-nuclear couplings using an optical
atomic clock comparison. Future investigations based on
the derived principle, employing combinations of optical
clocks promising larger sensitivity, in particular, those
based on highly charged ions [66, 67], are expected to
investigate couplings well below the current parameter
range.
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Summary

・Search for ultralight dark matter from long-term comparisons between 
   an Yb optical lattice clock and a Cs fountain clock  

・Improved limit on the coefficient of the electron coupling by up to three 
    orders of magnitude

・Overview of the search for ultralight dark matter with atomic clocks

・Plan to continue the operation of the atomic clocks and improve 
   the limits in the future

T. Kobayashi et al., Phys. Rev. Lett. 129, 241301 (2022).


