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Spacetime variation of fundamental physical constants in an expanding Universe is predicted by a
number of popular models. The masses of second-generation quarks are larger than first-generation quark
masses by several orders of magnitude; therefore, spacetime variation in quark masses may significantly
vary between each generation. We evaluate limits on variation in the s and c quark masses from big bang
nucleosynthesis, Oklo natural nuclear reactor, Ybþ, Cs, and Rb clock data. The construction of a 229Th
nuclear clock is expected to enhance these limits by several orders of magnitude. Furthermore, constraints
are obtained on an oscillating scalar or pseudoscalar cold dark matter field, as interactions of the field with
quarks produce variations in quark masses.
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I. INTRODUCTION

The discovery of dark matter continues to elude phys-
icists despite it accounting for 85% of the total matter
density in the Universe. Among the range of proposed
models for dark matter, axions are one of the most
promising candidates. Originally introduced to preserve
CP symmetry in QCD [1,2], axions and axionlike particles
are used to describe light pseudoscalar fields. Light
scalar particles with dilatonlike interaction with Standard
Model particles are motivated by superstring theory [3–7]
and chameleon models of gravity; see, e.g., Ref. [8] and
references therein.
Interactions between axions or light scalar dark matter

fields with Standard Model particles can lead to the
variation of fundamental constants in spacetime [9–12].
There are several new opportunities to search for the

variation of fundamental constants, namely, the recent
launch a network of atomic clocks known as QSNET [13]
and a new proposed method to use laser-interferometric
gravitational-wave detectors [14]. Furthermore, as was
proposed in Ref. [15], the transition frequency between
the ground and first excited states of the 229Th nucleus is
highly sensitive to the variation of fundamental constants.
A recent review [16] outlined the continual advancements
toward the construction of a 229Th nuclear clock, which will
hopefully allow us to obtain strong limits on the variation of
fundamental constants in the near future.

Previous works have used various phenomena to con-
strain variation in the fine structure constant α, electron
mass me, and the light quark mass mq ¼ ðmu þmdÞ=2
[10,17–24] (see also Ref. [25] for a review); however, there
is a lack of investigation into variation in the s and c quark
masses. The masses of the second generation of quarks,
ms ¼ 93 MeV andmc ¼ 1.3 GeV, are orders of magnitude
bigger than the masses of first generation, mq ¼ 3.5 MeV.
Therefore, variation of the second-generation quark masses
may significantly differ from the first generation.
References [19,20] examined variation in the strange quark
massms from a variety of phenomena, but their findings are
dated and require revision. We provide updated limits on
ms and also present first results on the variation of the
charm quark mass, mc.
We place constraints from variation of deuteron binding

energy since big bang nucleosynthesis, the Oklo natural
nuclear reactor, variation in the proton-electron mass ratio,
and variation in nuclear magnetic moments. We also
determine the constraints expected from a 229Th nuclear
clock.
Note that units which are used for the interpretation of

the measurements also may vary and this could introduce
ambiguity in the interpretation of the results if one con-
siders variation of the dimensionful parameters—see the
discussion in Refs. [19,20]. Nucleon masses and strong
interactions depend mainly on the QCD scale ΛQCD and
quark masses. Therefore, our results may be interpreted
as the measurements of the dimensionless parameter
Xq ¼ mq=ΛQCD, which does not depend on units which
one uses. It is convenient to assume that QCD scale ΛQCD
does not vary. We may say that we measure quark masses in
units of ΛQCD.
The variation in quark masses can be due to quark

interactions with dark matter. In this work, we consider a
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nonrelativistic scalar or pseudoscalar cold dark matter
field, ϕ ¼ ϕ0 cosðωtÞ, which oscillates with frequency
ω ¼ mϕc2=ℏ, where mϕ is mass of the spin-0 dark matter
particle. Quadratic-in-ϕ interactions between the scalar or
pseudoscalar field and Standard Model fermion fields, f,
are expressed as

L ¼ �
X

f

ϕ2

ðΛ0
fÞ2

mff̄f; ð1Þ

wheremf is the fermion mass and Λ0
f is a large energy scale

that can differ between fermions. Comparison to the
Standard Model Lagrangian L ¼ mff̄f indicates that the
fermion masses are altered by the dark matter field

mf → mf

�
1� ϕ2

ðΛ0
fÞ2

�
: ð2Þ

Quadratic interactions of ϕ mean that there is an oscillating
component of ϕ2, ϕ2

0 cosð2ωtÞ=2, and a nonoscillating
component, ϕ2

0=2. Therefore, the fundamental constants
can experience slow nonoscillating variation, with Ref. [10]
obtaining constraints on the field for interactions with
photons, electrons, light quarks, and massive vector bosons.
Our limits on variation in ms and mc are used to constrain
the nonoscillating component of dark matter field. Linear-
in-ϕ interactions of the scalar field with fermions can also
be considered to produce only oscillating fermion mass
variation

L ¼ −
X

f

ϕ

Λf
mff̄f; ð3Þ

mf → mf

�
1þ ϕ

Λf

�
: ð4Þ

We use experimental results from Rb/Cs atomic fountain
clocks [26] to obtain limits on dark matter interactions with
second-generation quarks. Note that for linear-in-ϕ inter-
actions the field can only be scalar.

II. NUCLEON AND MESON MASS VARIATION

To evaluate limits on the mass variation of second-
generation quarks, we first need to obtain the sensitivity in
nucleon mass to variation in ms and mc. In a recent review,
Ref. [27] analyzed and averaged a range of lattice QCD
results, from which we will use the averaged sigma terms

σs ¼ mshNjs̄sjNi ¼ 53 MeV; ð5Þ

σc ¼ mchNjc̄cjNi ¼ 78 MeV; ð6Þ

where the values are averaged from Refs. [28–32] for σs
and Refs. [31–35] for σc. Therefore, the nucleon mass

sensitivity to each of the second-generation quark masses
from the strange and charm seas is found to be

δmN

mN
¼ σs

mN

δms

ms
¼ 0.056

δms

ms
; ð7Þ

δmN

mN
¼ σc

mN

δmc

mc
¼ 0.083

δmc

mc
; ð8Þ

for nucleon mass mN ¼ 939 MeV. Our limits on second-
generation quark mass variation from deuteron binding
energy variation and the Oklo nuclear reactor also require
us to account for variation in the strong nuclear potential.
The Walecka model [36] is used to express the strong
nuclear potential via the exchange of σ and ω mesons. We
evaluate the sensitivities of meson masses to quark mass
variation (see Appendix A):

δmσ

mσ
¼ 0.33

δms

ms
; ð9Þ

δmσ

mσ
¼ 0.10

δmc

mc
; ð10Þ

δmω

mω
¼ 0.045

δms

ms
; ð11Þ

δmω

mω
¼ 0.067

δmc

mc
: ð12Þ

III. VARIATION IN SECOND-GENERATION
QUARK MASSES

A. Big bang nucleosynthesis

In Ref. [19], variation in deuteron binding energy was
estimated using the Walecka model,

δQd

Qd
¼ −48

δmσ

mσ
þ 50

δmω

mω
þ 6

δmN

mN
: ð13Þ

Note that the Walecka model cannot be used to correctly
describe deuteron binding energy variation, as the tensor
forces (from π and ρ exchange) are required to account for
all spin-dependent forces. Instead of accounting for the
tensor forces directly, the authors of Ref. [19] modified the
Walecka model by reducing g2v by a factor of 0.953 to
obtain Eq. (13). This estimate allowed them to correctly
evaluate the deuteron binding energy. Therefore, using our
results for nucleon and meson mass variation, we find the
sensitivity in deuteron binding energy due to second-
generation quark mass variation

δQd

Qd
¼ −13

δms

ms
; ð14Þ
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δQd

Qd
¼ −0.95

δmc

mc
: ð15Þ

From Ref. [37], the limit on the variation of deuteron
binding energy from big bang nucleosynthesis to today is
δQd=Qd ¼ −0.019� 0.005. Therefore, we obtain limits on
the mass variation of second-generation quarks since big
bang nucleosynthesis:

����
δms

ms

���� < 0.0018; ð16Þ

����
δmc

mc

���� < 0.025: ð17Þ

B. Oklo natural nuclear reactor

The Oklo natural nuclear reactor is a self-sustaining
nuclear fission reactor that has been active for around two
billion years. At Oklo, the disappearance of isotopes with
near-zero neutron resonance energy, most notably 149Sm,
can be used to constrain the shift in the lowest resonance,
δE. The strongest limit on this energy shift is jδEj <
0.02 eV [38]. From Ref. [19], the variation of the resonance
position is given by

δE ¼ V0

�
8.6

δmσ

mσ
− 6.6

δmω

mω
−
δmN

mN

�
; ð18Þ

from which we obtain the variation of resonance position
due to s and c quark mass variation, with V0 ≈ 50 MeV,

δE ¼ 120 MeV ×
δms

ms
; ð19Þ

δE ¼ 17 MeV ×
δmc

mc
: ð20Þ

Therefore, we constrain the mass variation of second-
generation quarks

����
δms

ms

���� < 1.7 × 10−10; ð21Þ

����
δmc

mc

���� < 1.2 × 10−9: ð22Þ

Assuming a constant rate of variation over 1.8 × 109 years,
these limits correspond to the constrained rate of variation

����
1

ms

dms

dt

���� < 9.4 × 10−20 yr−1; ð23Þ

����
1

mc

dmc

dt

���� < 6.7 × 10−19 yr−1: ð24Þ

C. Proton-electron mass ratio

Recent works have measured bounds on the time
variation of the proton-electron mass ratio μpe ¼ mp=me
with improving accuracy [39,40]. We assume that me does
not vary and obtain limits on second-generation quark mass
variation, and therefore δμpe=μpe ¼ δmp=mp with the
nucleon mass in units of electron mass. Using our pre-
viously mentioned values in Eqs. (7) and (8), we get the
limits from proton-electron mass variation,

δμpe
μpe

≈ 0.056
δms

ms
; ð25Þ

δμpe
μpe

≈ 0.083
δmc

mc
: ð26Þ

Reference [39] obtained the strong limit of
ð1=μpeÞðdμpe=dtÞ ¼ −8ð36Þ × 10−18 yr−1 from comparing
transition frequencies in optical Ybþ clocks and a Cs clock.
We use this result to obtain our limits on the second-
generation quark mass variation,

����
1

ms

dms

dt

���� < 7.9 × 10−16 yr−1; ð27Þ

����
1

mc

dmc

dt

���� < 5.3 × 10−16 yr−1: ð28Þ

D. Nuclear magnetic moments

It was first noted in Ref. [41] that the ratios of hyperfine
structure intervals between different atoms are sensitive to
the variation of nuclear magnetic moments. In Ref. [42],
chiral perturbation theory was used to calculate nucleon
magnetic moment variation, μp and μn for protons and
neutrons, respectively, from the s quark. These results were
then implemented in Ref. [20] to calculate variation of the
dimensionless nuclear magnetic moment (in units of
nuclear magneton), μ, for a variety of nuclei of the form

δμ

μ
¼ κs

δms

ms
; ð29Þ

where values for κs are nucleus dependent and are con-
tained in Ref. [20]. The c quark is too heavy for chiral
perturbation theory, and the corresponding contribution to
variation in nuclear magnetic moments is likely small. Let
us define the parameter
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V ≡ A
E
¼ const × ½α2FrelðZαÞ�

�
μ
me

mp

�
; ð30Þ

where A is the hyperfine structure constant and E ¼
mee4=ℏ2 is the atomic unit of energy. The first set of brackets
relates the dependence on α and the relativistic correction
factor (Casimir factor),Frel. The last set of brackets contains
the dimensionless nuclear magnetic moment, μ [nuclear
magnetic moment M ¼ μðeℏ=2mpcÞ], and the proton and
electronmasses,mp andme. Assuming that only themass of
second-generation quarks varies, onlyμ andmp contribute to
the variation of V,

δV
V

¼ δμ

μ
−
δmp

mp
: ð31Þ

Therefore, we consider the ratio of hyperfine structure
constants, Xða1=a2Þ ¼ Vða1Þ=Vða2Þ, between two atoms,
a1 and a2. The variation in this ratio from variation in ms is
then expressed as

δXða1=a2Þ
Xða1=a2Þ

¼ ðκs;a1 − κs;a2Þ
δms

ms
: ð32Þ

Limits on slow-drift variation between 87Rb and 133Cs
hyperfine transitions from the dual atomic fountain clock
FO2 at LNE-SYRTE in Ref. [43] are ð1=XðRb=CsÞÞ
ðdXðRb=CsÞ=dtÞ < −11.6ð6.1Þ × 10−17 yr−1 from numer-
ous measurements spanning over a decade. Therefore, we
obtain the limit on variation in s quark mass

����
1

ms

dms

dt

���� < 9.8 × 10−15 yr−1; ð33Þ

where we have used κs;Rb ¼ −0.010 and κs;Cs ¼ 0.008 [20].

E. Thorium nuclear clock

Reference [15] noted that a 229Th nuclear clock transition
between the ground and first excited states will be highly
sensitive to variations in quark masses. Later work was
done to calculate the difference in Coulomb and kinetic
energies between the 3=2þ and 5=2þ states using Hartree-
Fock (HF) and Hartree-Fock-Bogoliubov (HFB) calcula-
tions [44]. The difference in Coulomb energies was used to
obtain the transition frequency sensitivity to variation in α,
while the difference in kinetic energies T ¼ p2=2m can be
used to obtain sensitivity to variation in nucleon masses.
For a transition energy, ω ¼ E1 − E0, the sensitivity to
variation in nucleon mass may be estimated as

δω ¼ −ðΔTp þ ΔTnÞ
δmN

mN
: ð34Þ

We assume mp ¼ mn ¼ mN . In Ref. [44], values for ΔTp
and ΔTn were obtained using HF and HFB calculations.

The HFB results for the energy functional SIII [45] are used
due to their similarity to the experimental energy of the
229Th 5=2þ ground state, as well as close similarity to
semiempirical estimates on Coulomb, kinetic, and strong
energy shifts from Ref. [46]. We obtain

δω ¼ −65 keV ×
δmN

mN
: ð35Þ

As shown in Ref. [47], a 229Th nuclear clock can reach
precision δω=ω ∼ 10−19. For the transition frequency
between the 3=2þ and 5=2þ states, ω ≈ 8 eV [48], we
expect limits on variation in the transition frequency from
229Th clocks to reach δω ≈ 8 × 10−19 eV yr−1. Assuming
that this variation of omega is due to variation of s and c
quark masses, we obtain the expected limits attainable by a
229Th clock,

����
1

ms

dms

dt

����≲ 2 × 10−22 yr−1; ð36Þ

����
1

mc

dmc

dt

����≲ 1 × 10−22 yr−1: ð37Þ

These expected constraints are the strongest out of all
phenomena we have investigated; the construction of a
229Th clock is highly anticipated for investigations into the
variation of fundamental constants.

IV. LIMITS ON SCALAR DARK MATTER

A. Limits from nonoscillating contribution

We first consider quadratic interactions of an oscillating
scalar or pseudoscalar dark matter field, ϕ ¼ ϕ0 cosðωtÞ,
with s and c quarks. Using Eq. (2), the fractional variation
in fermion mass from the field

����
δmf

mf

���� ¼
ϕ2

ðΛ0
fÞ2

: ð38Þ

This variation has a nonoscillating component,
ϕ2
0=2ðΛ0

fÞ2, which induces nonoscillating variation of
fundamental constants from changes in the dark matter
density by an oscillating field ρ ¼ m2

ϕhϕ2i, where ρDM;0 ¼
1.3 × 10−6 GeVcm−3 is average dark matter density [49].
Note that there is a lower limit mϕ > 10−22 eV on the field
to allow correct large-scale structure formation in galaxies
[50–52]; the field can only contribute to a fraction of the
dark matter density below this limit.
We consider limits on Λ0

f and mϕ for two cases:mϕ > H
and mϕ < H, where H is the Hubble parameter during big
bang nucleosynthesis. In the former case, ϕ remains an
oscillating field, and in the latter case, the field freezes due
to Hubble friction, becoming a nonoscillating constant
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field. For an early radiation-dominated universe, the
Hubble parameter scales as H ¼ 1=2t. Therefore, at the
time of big bang nucleosynthesis, we have the crossover
value mϕ ∼ 10−16 eV.
Using Eq. (38) and our limits on variation in ms and mc

from Eqs. (16) and (17), we evaluate constraints for Λ0
f and

mϕ (see the Appendix B for details) for mϕ > H,

ðΛ0
sÞ2 >

4.3 × 1017 eV4

m2
ϕ

; ð39Þ

ðΛ0
cÞ2 >

3.1 × 1016 eV4

m2
ϕ

; ð40Þ

and for mϕ < H,

ðΛ0
sÞ2 >

2.2 × 1044 eV5=2

m1=2
ϕ

; ð41Þ

ðΛ0
cÞ2 >

1.6 × 1043 eV5=2

m1=2
ϕ

: ð42Þ

Our results are presented in Fig. 1, in which the change in
gradient illustrates the crossover value between mϕ > H
and mϕ < H.
We also consider linear-in-ϕ interactions between an

oscillating scalar dark matter field with second-generation
quarks. From Eq. (4), the fractional variation in mass
oscillates with the field

����
δmf

mf

���� ¼
ϕ

Λf
: ð43Þ

However, the field freezes when mϕ < H, inducing slow
nonoscillating variation in fundamental constants.
Therefore, similarly to the quadratic interaction, we obtain
the constraints, also presented in Fig. 2,

Λs >
3.4 × 1023 eV5=4

m1=4
ϕ

; ð44Þ

Λc >
2.5 × 1022 eV5=4

m1=4
ϕ

: ð45Þ

B. Limits from oscillating contribution

In Ref. [26], the dual Rb and Cs atomic fountain clock
FO2 at LNE-SYRTE was used to search for oscillations in
the ratio of Rb/Cs hyperfine transition frequencies. As
previously demonstrated in Eq. (32), the ratio of hyperfine
transition frequencies is sensitive to variations in ms. Since
the oscillating mass variation can originate from inter-
actions with ϕ, oscillations in this ratio can be used to
constrain the interactions.
The measurements for limits on the amplitude of

oscillations from Ref. [26] are used to find limits for the
linear and quadratic interactions. Our constraints are
presented in Fig. 2. Note that we use ϕ0 ¼ ffiffiffiffiffiffiffiffiffi

ρDM
p

=mϕ

for the local dark matter density ρDM ¼ 0.3 GeV cm−3.

V. CONCLUSION

In this work, we examined variation in strange and charm
quark masses. We obtained our strongest limits on the rate
of mass variation, ð1=mÞðdm=dtÞ ≲ 10−20 yr−1, using
measurements from the Oklo natural nuclear reactor in
Ref. [38]. Assuming an expected accuracy of δω ∼ 10−19

[47], we show that a 229Th nuclear clock is expected to
provide the best limits of ð1=mÞðdm=dtÞ≲ 10−22 yr−1.
An oscillating scalar or pseudoscalar cold dark matter

field that interacts with s and c quarks can produce
variations in quark masses. We place limits in Fig. 1 on

FIG. 1. From top to bottom: limits on quadratic interaction
between scalar and pseudoscalar dark matter field ϕ and s and c
quarks. The shaded region represents excluded values. The blue
region corresponds to limits from variation in deuteron binding
energy since big bang nucleosynthesis [37]. The red region
corresponds to oscillating limits from Ref. [26].
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previously unconstrained quadratic-in-ϕ interaction param-
eters, Λ0

s and Λ0
c, and mass of a spin-0 scalar or pseudo-

scalar dark matter particle, mϕ. Linear-in-ϕ interactions
between the dark matter field and second-generation quarks
are also examined, where our limits on Λs, Λc, and mϕ are
presented in Fig. 2.
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APPENDIX A: MESON MASS VARIATION

We use the Walecka model [36] to express the strong
nuclear potential via the exchange of σ and ω mesons,

V ¼ −
g2s
4π

e−mσr

r
þ g2v
4π

e−mωr

r
: ðA1Þ

For masses mσ ≈ 500 MeV and mω ≈ 780 MeV, the cou-
pling strengths are g2s ≈ 100 and g2v ≈ 190 [53]. In the
simple constituent quark picture, we estimate meson mass

sensitivity to variation in quark mass from the quark sea to
be two-thirds of the nucleon sensitivity. This leads to our
results

δmσ

mσ
¼ 0.071

δms

ms
; ðA2Þ

δmσ

mσ
¼ 0.10

δmc

mc
; ðA3Þ

δmω

mω
¼ 0.045

δms

ms
; ðA4Þ

δmω

mω
¼ 0.067

δmc

mc
; ðA5Þ

where we use the masses mσ ≈ 500 MeV and mω ≈
780 MeV [49].
For the σ meson, it was noted in Ref. [19] that there are

additional contributions to the variation from the s quark.
The σ meson can be approximated as the SUð3Þ singlet
state σ ¼ ðūuþ d̄dþ s̄sÞ= ffiffiffi

3
p

, leading to the valence con-
tribution

δmσ

mσ
¼ mshσjs̄sjσi

mσ

δms

ms
¼ 0.12

δms

ms
: ðA6Þ

Furthermore, there are additional contributions from mix-
ing with virtual K̄K and ηη pairs (see Ref. [19] for details)

δmσ

mσ
¼ 0.14

δms

ms
: ðA7Þ

Therefore, the total sensitivity in the σ meson mass from the
s quark mass is given by the sum of all contributions:

δmσ

mσ
¼ 0.33

δms

ms
: ðA8Þ

APPENDIX B: BIG BANG
NUCLEOSYNTHESIS LIMITS

We first consider mϕ > H and use the relation for the
dark matter density

ρðzÞ ¼ ρDM;0ð1þ zÞ3; ðB1Þ

where ρDM;0 ¼ 1.3 × 10−6 GeVcm−3 is average dark mat-
ter density [49] and z is the redshift parameter. The redshift
parameter for deuterium formation during big bang nucleo-
synthesis is z ¼ 4.3 × 108; therefore, the variation in the
quark mass is

����
δmf

mf

���� ¼
7.8 × 1014 eV4

m2
ϕðΛ0

fÞ2
: ðB2Þ

FIG. 2. From top to bottom: limits on linear interaction between
scalar dark matter field ϕ and s and c quarks. The shaded region
represents excluded values. The blue region corresponds to limits
from variation in deuteron binding energy since big bang
nucleosynthesis [37]. The red region corresponds to oscillating
limits from Ref. [26].

V. V. FLAMBAUM and P. MUNRO-LAYLIM PHYS. REV. D 107, 015004 (2023)

015004-6



Using our limits on variation inms andmc from variation in
deuteron binding energy since Big Bang nucleosynthesis,
the resulting constraints are

ðΛ0
sÞ2 >

4.3 × 1017 eV4

m2
ϕ

; ðB3Þ

ðΛ0
cÞ2 >

3.1 × 1016 eV4

m2
ϕ

: ðB4Þ

We now consider the case where mϕ < H. As z is very
large, we assume a radiation-dominated universe and
H ¼ H0Ω

1=2
r;0 ð1þ zÞ2 for H0 ¼ 67 km s−1Mpc−1 and radi-

ation density Ωr;0 ¼ 9.26 × 10−5 [49]. Therefore, we use
Eq. (B1) to get

ρ ¼ ρDM;0

Ω3=4
r;0

�
mϕ

H0

�
3=2

: ðB5Þ

The energy density for a nonoscillating field is
ρ ¼ m2

ϕhϕ2i=2; thus, we obtain the variation in quark
mass:

����
δmf

mf

���� ¼
3.9 × 1041 eV5=2

m1=2
ϕ ðΛ0

fÞ2
: ðB6Þ

Using our limits on variation in ms and mc, we find the
constraints

ðΛ0
sÞ2 >

2.2 × 1044 eV5=2

m1=2
ϕ

; ðB7Þ

ðΛ0
cÞ2 >

1.6 × 1043 eV5=2

m1=2
ϕ

: ðB8Þ
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