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Searching for a Fifth Force with Atomic and Nuclear Clocks
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We consider the general class of theories in which there is a new ultralight scalar field that mediates an
equivalence principle violating, long-range force. In such a framework, the sun and the earth act as sources of
the scalar field, leading to potentially observable location dependent effects on atomic and nuclear spectra. We
determine the sensitivity of current and next-generation atomic and nuclear clocks to these effects and compare
the results against the existing laboratory and astrophysical constraints on equivalence principle violating fifth
forces. We show that in the future, the annual modulation in the frequencies of atomic and nuclear clocks in the
laboratory caused by the eccentricity of the earth’s orbit around the sun may offer the most sensitive probe of
this general class of equivalence principle violating theories. Even greater sensitivity can be obtained by placing
a precision clock in an eccentric orbit around the earth and searching for time variation in the frequency, as is
done in anomalous redshift experiments. In particular, an anomalous redshift experiment based on current clock
technology would already have a sensitivity to fifth forces that couple primarily to electrons at about the same
level as the existing limits. Our study provides well-defined sensitivity targets to aim for when designing future

versions of these experiments.

I. INTRODUCTION

There are four known fundamental interactions in nature,
namely gravity, electromagnetism, and the strong and weak
nuclear forces. Taken together, these four forces provide an
excellent fit to current experimental data. However, this need
not be the complete picture and there may be additional inter-
actions that have not yet been discovered, either because they
are too weak or because their range is too short. The exis-
tence of such a fifth force constitutes one of the most intrigu-
ing possibilities for new physics beyond the Standard Model
(SM) [1, 2].

String theory provides motivation for the existence of a long
range fifth force. In this class of theories, the values of the fun-
damental constants are determined by the vacuum expectation
values of scalar fields known as moduli. These scalar fields
can have wildly varying masses, and some of them may be ex-
tremely light, see for example [3, 4]. In general, the couplings
of moduli to matter need not respect the equivalence principle
(EP). Therefore, such a field can serve as the mediator of a
long range EP violating fifth force. Nonlinearly realized dis-
crete symmetries can protect the mass of a modulus against
radiative corrections even if it has sizable couplings to the SM
fields [5, 6]. Apart from their contributions to fifth forces,
moduli are a natural candidate for ultralight dark matter [7—
9]. Many different types of searches have been proposed for
this interesting class of dark matter candidates [10-26].

*Electronic address: dbrzemin@umd.edu
TElectronic address: zchacko@umd.edu
*Electronic address: abhish@fnal.gov
YElectronic address: iflood @umd.edu
IElectronic address: hook @umd.edu

There have been numerous experimental searches for new
long range forces that violate the EP. Direct searches are based
on comparing the motions of two bodies of different composi-
tions in the gravitational field of a third. This class of searches
includes experiments performed on suspended masses in the
laboratory [27-30]. It also includes observations of the mo-
tion of free-falling objects, such as test masses in the field of
the earth [31], the moon and earth in the gravitational field
of the sun [32, 33], and gravitationally bound systems com-
posed of three celestial bodies [34, 35]. Searches have also
been performed that use atom interferometry to compare the
rates at which atoms of different materials fall in the earth’s
gravitational field [36—40]. Although the limits from atom in-
terferometry are not yet competitive with the results from ex-
periments performed on macroscopic masses, major improve-
ments are expected in the future [41, 42]. A broad review
of precision tests of the EP, with many additional references,
may be found in Ref. [43].

In this paper we explore a different approach to detecting
long-range forces that violate the EP, based on the rapidly-
improving sensitivity of atomic and nuclear clocks [44—47].
Using precision clock experiments to search for new physics
is a rapidly growing field, see Ref. [41] for a review. We limit
our attention to the case when the fifth force is mediated by
an ultralight scalar field. In general, the sun and the earth act
as sources for any such scalar field. Then, since the values
of fundamental parameters such as the fine structure constant
a depend on the value of the scalar field, there are correc-
tions to atomic and nuclear spectra that depend on the dis-
tance from these sources [48—50]. Atomic and nuclear clocks
are sensitive to the frequencies of these transitions, and can
therefore be used to search for position dependence of fun-
damental parameters. Since this effect is associated with EP
violation [51, 52], this offers an alternative method of search-
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ing for EP violating fifth forces. Clock experiments also offer
a new approach to detecting more exotic fifth forces such as
chameleon models [53-56] that is distinct from the existing
search methods [57-59].

Clock searches for EP violation are based on comparing
two atomic or nuclear transition frequencies against each
other. These frequencies could be those of two different
clocks at the same physical location, or alternatively, two
clocks at separate locations. In the case of two clocks at the
same location, as long as their transition frequencies scale dif-
ferently with fundamental parameters such as «, the ratio of
their frequencies will change as the distance from the source
changes. For example, since the orbit of the earth around the
sun is not a perfect circle, this results in an annual modula-
tion in the frequencies of atomic and nuclear clocks [48-50].
We determine the sensitivities of current and next-generation
atomic and nuclear clocks to this effect and compare the re-
sults against the existing laboratory and astrophysical con-
straints on EP violating fifth forces. We show that in the fu-
ture, the annual modulation in the frequencies of atomic and
nuclear clocks in the laboratory caused by the eccentricity of
the earth’s orbit around the sun may offer the most sensitive
probe of this general class of EP violating theories.

Even greater sensitivity can be obtained by comparing
clocks at different locations. Comparing the frequency dif-
ference between a precision clock placed on a satellite in an
eccentric orbit around the earth and a similar clock on earth
would offer an extremely sensitive probe of this class of mod-
els. Experiments of this type have already been performed to
test the general relativistic prediction for the gravitational red-
shift [60, 61], and new ones proposed [62—64]. Importantly,
we find that such an experiment that employs current clock
technology would already have a sensitivity to fifth forces that
couple primarily to electrons at the about the same level as the
existing limits. The reason for this is that direct fifth force
searches are inherently less sensitive to forces acting on elec-
trons, since electrons comprise less than 0.1% of the mass of
an atom. In contrast, atomic transition frequencies are ex-
tremely sensitive to the properties of the electron. Our anal-
ysis provides well-defined sensitivity targets to aim for when
designing future versions of these experiments.

The outline of this paper is as follows. In the next sec-
tion we consider the interactions of an ultralight scalar with
the SM and discuss the current constraints on this framework
from direct searches for EP violation and from recasting exist-
ing clock experiments. In Section III we study the sensitivity
of next-generation atomic and nuclear clocks to this class of
models, and show that they can explore new parameter space.
We conclude in Section IV.

II. ULTRALIGHT SCALAR FIELDS AND EQUIVALENCE
PRINCIPLE VIOLATION

In this section, we present a general framework for study-
ing the effects of an ultralight scalar coupled to the SM. We
show how direct fifth force, gravitational redshift, and differ-
ential redshift measurements can be used to place bounds on

the parameters in the Lagrangian. This allows a concrete com-
parison of the sensitivities of these different experiments.

Consider an ultralight light scalar field ¢ that couples to the
particles in the SM. At energies well below the weak scale,
the interactions of ¢ with the stable matter fields and the light
force carriers of the SM can be conveniently parametrized as
[65, 66]
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Here the parameter « is defined as k = V47 G, where G is
Newton’s constant. This parametrization allows a straight-
forward comparison between the force mediated by the ul-
tralight scalar and gravitational effects. In this expression e
represents the charge of the electron, g3 the coupling constant
of quantum chromodynamics (QCD) and 83 = Jgs/0log i
its beta function. The parameters m; denote the masses of
the fermions and ~,, = —0logm/dlogu. The parameters
d, with z € {e, g, m;} represent the couplings of the scalar
to the corresponding gauge bosons and fermions. The cou-
plings of the scalar have been parametrized such that the limit
dg = dy, = dp,, With d. = 0 corresponds to the interactions of
adilaton that respects the equivalence principle. At these ener-
gies the SM has an approximate parity symmetry under which
¢ has been taken to be even. This represents the most general
form of the interaction consistent with the symmetries up to
terms of dimension 5 and linear order in ¢. In order to isolate
the EP violating effects, it is conventional to parameterize the
Lagrangian in Eq. (1) in terms of the average light quark mass
m = (my, + mg)/2 and the mass difference dm = (mg — my,)
rather than the light quark masses m,, and mg4. The corre-
sponding couplings of the modulus take the form,

L2-kd I:dm’lﬁ(CZd +au) + d(;m dm(dd - ﬂu)] , 2

where
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As a result of the interactions in Eq. (1), the scalar field gives

rise to a force between any two macroscopic bodies [66].

By convention, this new force is parametrized in terms of

its strength relative to the gravitational force. Accordingly,

the potential energy V', which includes the effects of both the

gravitational force and the new force, now takes the form,
mamp TAB

V=-G——(1+aaage > ). 4)
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Here ma and mp are the masses of the two bodies A and
B, rap is the distance between them, and \ = 1 /m¢ sets the
range of the interaction. The parameters aea and apg, which



are functions of d., dg4, d,,, and d,,;, depend on the composi-
tions of A and B. Therefore, in general, the force mediated by
¢ violates the EP. The parameters aua and ap can be approx-
imated as,

ax ~ d;+ [(dm - dg)Qm + (dém - dg)Q&m + (dme - dg)ch
+ deQe]X 9
(5)

where the composition-independent part d; is given by
d = dg+0.093(dy, —dg ) +107*[2.7de +2.75(dy, —dy)]. (6)

The remaining composition-dependent part of ax in Eq. (5)
is parameterized in terms of the variables Q,, Qsm, Qe and
Qm, that depend on the mass number A and atomic number
Z of the atomic nuclei of which the body is composed',
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We see from this that ax naturally splits up into
a composition-independent term d; and a composition-
dependent term that is contained in the square bracket in
Eq. (5). For a general choice of modulus couplings the term in
the square brackets does not vanish, so the contribution to the
potential from the ultralight scalar depends on the composi-
tions of the test bodies. Therefore the resulting force violates
the weak EP. The existing limits on EP violating forces can be

translated into bounds on the couplings of the scalar ¢.

We see from Eq. (7) that |Qsp,| < |@:|- We therefore ex-
pect that, in general, experiments searching for EP violation
will be much more sensitive to the coupling dy;, than to ds,,.
For simplicity, we will therefore neglect the coupling ds.,, in
the discussion that follows.

Apart from generating an EP violating force, the interac-
tions in Eq. (1) imply that the effective values of fundamental
constants such as « and m, at any given location depend on
the value of ¢ at that location. For example, for these two
parameters we have,

a(z) = a[l+derp(z)] me(x) = me[l+dm k()] . (8)

Here & (m.) denotes the value of the fine structure constant
(electron mass) in the absence of the terms in Eq. (1). Conse-
quently the sourcing of ¢ by massive objects such as the sun
and the earth causes the value of fundamental constants such
as « and m, to depend on the distance from these sources.

1 Our parametrization of ax differs from that in Ref. [66], and so our ex-
pressions for Qy;,, Qsm. Qe and Qm,, are also different.

This offers an alternative method of probing this class of mod-
els using atomic and nuclear clocks, which is the focus of this

paper.

A. Direct Fifth Force Measurements

In this subsection we review how to map the limits from
direct fifth force searches onto bounds on the parameters in
Eq. (1). The results are summarized in Egs. (12), (13), (14)
and (15).

At present, the most precise tests of EP violation are based
on measurements of how two test bodies A and B composed
of different materials accelerate towards a third body C, which
is usually the earth or the sun. If the EP holds, the two accel-
erations should be identical. By convention, the experimental
limits on EP violation are expressed in terms of the Eotvos
parameter,

lda - ds|
|ZLA + ELB|

n=2 )

where aa and ap represent the accelerations of the test bod-
ies A and B. Since the interactions in Eq. (1) give rise to an
EP violating force between any two macroscopic bodies, the
experimental limits on 7 can be translated into bounds on the
couplings of the ultralight scalar to matter.

In the limit that the distances between the bodies A,B and
C are all much smaller than ), so that the mass of the modulus
can be neglected, we can estimate the Eotvos parameter in this
class of models from Eq. (4) as,

n~(aa -as)ac
~ [AQm(dm - dg) + AQede + Ach (dmc - dg)] ac .
(10)
In most simple models the composition independent part of
ac will dominate over composition dependent part. In this
case we can make the approximation ac ~ dj so that

1~ [AQu(dp = dg) + AQede + AQu, (dim, —dg)]dy
N AQmDm + AQeDe + AQme-Dm(3 .

1D
Here we have defined D, = djd., Dy, = dj(dys — dy) and
Dy, = dj(dy, —dg). Since typically AQ,,, < AQ.,AQ,
using the experimental bound on 7 for two given test bodies of
known compositions, the allowed (Dy,, D, ) parameter space
can be constrained to a band as shown in Fig. 1. The most
accurate measurement of 7, performed by the MICROSCOPE
mission [31, 67], sets constraints at the 10714 level and is rep-
resented by the black band in Fig. 1.

In addition to constraining the D, and D, parameters, we
can translate the bounds on the Eotvos parameter 7 into limits
on the individual modulus couplings d,. For example, using
Eq. (10) we can set an upper bound on d, assuming that all
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FIG. 1: Current bounds on D. vs. D,;, set by fifth force experiments
[27, 30, 31, 67]. The black band represents the bound set by MI-
CROSCORPE [31, 67], the blue and yellow bands are the constraints
set by the EotWash group with Be-Ti and Be-Al masses [30], and the
green band is the Moscow group’s result obtained with Al-Pt masses
[27].

the other couplings vanish,

2 [ N
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The analogous bounds on d., d;;, and d,,, are given by,
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e
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(14)
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(15)
By performing multiple measurements on bodies of different
compositions, it is in principle possible to set independent
constraints on all of the D, and d, parameters.

d — 77
e AQum, (2.75x 1074 + Q. c)

Although these bounds have been obtained under the as-
sumption that the distances between the bodies A, B and C
are all much smaller than A, the extension of these limits to
the more general case is straightforward [2, 67],

~ dglassless
Vo) ek

Here ® () = 3(z coshx - sinh x) /23, Rc is the radius of the
body C, and d™! represents the corresponding bound in
the limit that m = 0, given by Egs. (12), (13), (14) and (15).

d (16)

B. Clock Experiments

In this subsection, we show how to map the results of clock
experiments onto the parameter space shown in Eq. (1). This
allows for a direct comparison between clock experiments and
direct fifth force measurements.

While direct measurement of the fifth force currently pro-
vides the most stringent constraints on the couplings d, of the
ultralight scalar, there is an alternative method to constrain
the new force. Recall that the couplings introduced in Eq. (1)
modify the potential energy between two masses as shown in
Eq. (4). The correction to the potential energy can be rewritten
in the familiar form,
mams TAB dAQdB _rAB

apape A = e >, 17
TAB 47T7‘AB

oV =-G

where gx = kaxmx represents the charge of the body under
the new Yukawa force. From the above expression we see that
each massive body X sources the scalar field ¢ as,

ax

_9xX %
arr© (18)

ox =
As can be seen from Eq. (8), the scalar field ¢ affects the val-
ues of fundamental constants. This results in a spatial varia-
tion in the values of fundamental constants in the vicinity of a
source body X. For example, in the case of the fine structure
constant we have,

% = de"i(bx =

(&% r

d. _r _r
_Me 5~ doaxUxe 5 . (19)

Here Ux represents the gravitational potential sourced by the
body X. From the above equation, we see that measuring the
variation of fundamental constants in the neighborhood of a
massive body such as the earth or sun allows us to probe the
same couplings that direct fifth force searches are sensitive to.
We now discuss the sensitivity of atomic and nuclear clocks
to this variation.

The principle of Local Position Invariance (LPI) states that
the frequency of any given clock in its local frame is indepen-
dent of its position in space. This can be expressed as

i @) = 75 (c0), o)

where f°°%(c0) denotes the frequency of the clock A at in-
finity, where the gravitational potential U vanishes. It follows
from Eq. (19) that in the class of theories we are considering
the values of the fundamental constants are not the same at
different points in space. Then the frequencies of clocks de-
pend on their location in space and so the principle of LPI is
no longer valid. Therefore Eq. (20) will receive corrections
whose magnitude will, in general, depend on the type of the
clock used in the experiment. This violation of LPI can be
parametrized in terms of the anomalous redshift parameter 3 4
as

fle‘ocal(x) _ f{lqocal(oo)
7 (o0)

=BaU(z), 2y



FIG. 2: A schematic picture of an experiment involving two different
clocks that travel together and experience the same change in the
gravitational potential. The location dependence of the ratio of the
two transition frequencies is a sensitive probe of EP violation.

where values of 34 different from zero are the result of new
physics. The subscript A indicates the type of clock being
employed. In practice, when comparing two clocks, one typ-
ically measures frequencies in the rest frame of one of the
clocks, which we identify with the lab frame. This leads to
the relation >

FA° () = f3° (1)

f}zb (xlab)

Here the term 1 in the bracket represents the standard predic-
tion from general relativity and x,, denotes the position of the
lab.

The dependence of a clock transition on fundamental pa-
rameters is conventionally expressed as

= (1+5A)[U($(})—U($C1ab):| . (22)

A A KA A A KA
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where « is the fine structure constant, ;1 = m,, /me is the
proton-to-electron mass ratio, X, = myq / Agcp is the ratio of
the average light quark mass to the QCD scale and R o< m.a?
denotes the Rydberg constant. The coefficients K ;‘, 11,q Char-
acterize the sensitivity of a given transition to variations of the

corresponding parameters. Typically, K f = —1 for hyperfine
transitions, K ;‘ = ( for optical and K ;‘ = 1 for nuclear tran-

sitions. The K (f) o have to be determined numerically for each
transition.

From Eqgs. (21) and (23) we find

A A A AX
ﬂAU(£)2ﬂ+(K&4+2)7a+KA7M+KA i,
Me a ) 7 X,

(24)
where 55 = (o) with X € {a,u, X4, me}. Using
this equation, constraints on 34 can be turned into bounds on
the variation of various fundamental constants.

AX X (z2)-X (o)

2 In the literature, the anomalous redshift parameter 3 is conventionally de-
F& (@)-fZ ()
f3(e0)
This definition implicitly assumes that the anomalous scaling is indepen-

dent of the clock used and is therefore not suitable for our purposes.

fined as = (1+B)U(x), as seen by the observer at infinity.

FIG. 3: A schematic picture of an experiment involving two identical
clocks that are spatially separated. The dependence of the difference
in frequencies between the two clocks on the difference in the grav-
itational potential between their locations is a sensitive probe of EP
violation.

In order to compare these bounds with those from fifth force
experiments we need to express the variation of the fundamen-
tal parameters in terms of the couplings shown in Eq. (1)>. A
brief calculation yields

A
2% daxU =~ D,U,
«
A
2 o (d, - dg)axU = =Dy, U,
1
25)
AX (
—4 (dm - dq)axU =~ DmU,
X, -
Am,
P A, axU = (Dy, + Dy)U
Mme

where in the second step we have approximated ax ~ dj
and defined D, = dyd;. These expressions are valid for
r < A. Experiments that constrain the variation of fundamen-
tal constants sometimes employ the alternative parameteriza-
tion, AX/X = kxU. From Eq. (25), we see that k, = D,
ky = =Dy, and k; = Dy,. The translation of bounds be-
tween the two different parametrizations is therefore straight-

forward.

From Eqgs. (24) and (25) we can express (34 in terms of the
couplings of the modulus,

Ba=[(KL+2)de - K} (dm, —dg) + K (d — dg) + dim, | ax

v (K3 +2)De+ (1= K ) Dy, + K;'Dyyy + Dy .
(26)
Since direct fifth force measurements are also sensitive to the
D, the relation above allows for a direct comparison between
these experiments and clock experiments.

We can translate the bounds on 3 4 into bounds on the mod-
ulus couplings d,, under the assumption that only one coupling

3 The following discussion implicitly assumes that the gravitational potential
can be independently determined in the presence of the fifth force. We
study this potential complication in Appendix A and show that it has only
a small effect on the results of this section.



has a non-zero value,

Ba
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Ba

dyn = y de =dg=dpm, =
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Ba
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(30)
By employing multiple clocks, each of a different composi-
tion, it is in principle possible to set independent constraints
on all of the D, and d, parameters.

Our results have been derived under the assumption that
the experiments were performed at distances such that r» << .
When we relax this assumption, the above formulas generalize
to [2]

dmassless
T
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where d™®° s the corresponding
Eqgs. (27), (28), (29) and (30).

The clock experiments that search for fifth forces fall into
two distinct classes, differential redshift measurements and
gravitational redshift measurements, illustrated in Figs. 2 and
3 respectively. Differential redshift measurements involve
comparing two clocks composed of different materials at the
same location as they orbit another body. Gravitational red-
shift measurements involve comparing the frequencies of a
clock in orbit around the earth with a clock on earth. This class
of experiments is sensitive to the redshift predicted by general
relativity and bounds are placed on any additional source of
redshift. We now consider the existing limits from these two
classes of experiments in turn.

We first consider differential redshift measurements. A
comparison of two different clocks A and B that experience
the same change in the potential allows a measurement of the
difference (84 — Bp). Then, using Eq. (26), we can easily
recover information about the couplings of the modulus,

parameter given in

Bap = [AKLPde - AK[P (i, — dg) + AK P (d, — dg)]ox

¥ AKPD. - AK*’ Dy, + AK'P Dy, .
(32)
Here we have defined, S4p = 4 - 85 and AK{P = K4 -
KZ.
A natural realization of the experiment involves comparing
the frequencies of two different clocks in the laboratory over

the course of a year [68-70]. As the distance between earth
and the sun changes due to the eccentricity of the orbit, the
frequencies of the clocks change accordingly. The ratio of the
frequencies of the two clocks, f(x) = flecol(x)/fse!(x)
changes as

fla() - fz(to) _ . -
F(a(i0)) =(Ba-Bp)[U((1)) U(x(t()))(;)

Therefore, by comparing the frequencies of the clocks over
the course of a year, we can obtain a measurement of (54 —
Bg). Currently, state-of-the-art experiments constrain this ra-
tio at the 107 level [70], which results in the following limits,

D.5107® D, s10° D;s10°. (39
From Fig. 1, we see that the limits from this class of atomic
clock experiments are currently at least 3 orders of magnitude
weaker than the direct limits from fifth force measurements in
the (D, Dy;,) parameter space.

We now turn our attention to gravitational redshift measure-
ments. As Eq. (22) suggests, 54 can be determined by com-
paring two identical spatially separated clocks, as illustrated
in Fig. 3. This approach is also not new. The first successful
realization of this method was achieved by Gravity Probe - A
[60], where the frequency of a microwave clock on a satel-
lite was compared with the frequency of an identical clock on
earth via microwave link as the satellite was changing altitude.
After accounting for special and general relativistic effects,
the measured frequency was transformed to the local frame of
satellite leading to a constraint on the anomalous redshift via

the relation,

£ (@) = £ () _

fﬁfcal(l"ea)

where xg denotes the position of the clock on earth.

This experiment constrained 54 at the level of 1074, Al-
though this bound was later improved by an order of magni-
tude by the Galileo satellite [61], it remains many orders of
magnitude below the strongest limits from direct fifth force
searches.

PalU(x)-Ulze)],

(35)

III. EXPERIMENTAL PROSPECTS
A. Two Different Clocks at the Same Location

In order to match the sensitivity of the direct fifth force
searches by the MICROSCOPE experiment [31, 67], the un-
certainty in the frequency of optical clocks located on earth
needs to be of order Af/f ~ 107! for AK,, = 7. This re-
quires an improvement by about 3 orders of magnitude over
the best precision available at this time, which is expected to
occur within the next two decades [62].

However, improved precision is not the only option. Clocks
based on nuclear transitions offer the exciting prospect of
measuring the variation of fundamental constants with un-
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FIG. 4: In the Dy, vs. D, plane, we show how the projected limits
from future earth and space based differential redshift experiments
compare against the current bounds from direct fifth force searches.
The black region represents the current bound set by MICROSCOPE
[31, 67]. The magenta and light cyan lines show the projected sen-
sitivity of the SpaceQ experiment [63] while traveling towards the
r = 0.39 AU and r = 0.1 AU orbits respectively, assuming that
the satellite is equipped with two optical clocks with AK, = 7 and
Af/f =107"%. The green band shows the projected sensitivity of an
earth based experiment based on two optical clocks with AK, =7,
AK, = 0and Af/f = 107", The red line shows the bound that
could be set by an earth based nuclear clock - optical clock system,
with AK, = 10*, AK, = 10° and Af/f = 107"%.

precedented sensitivity [71]. The nuclear clock based on the
229Th nucleus is expected to have sensitivity to the variation
of the fine structure constant about 3 orders of magnitude bet-
ter than the best optical clock, K, ~ 10%, while the sensitiv-
ity to the masses of the quarks is expected to be even greater,
K, ~ 10° [72]. Because of the large K, nuclear clocks of this
type with an uncertainty of A f/f ~ 107'® would be sufficient
to improve on the current bounds set by the MICROSCOPE
experiment. This is shown in Figs. 4,5, 6 , and 7.

Another possibility is to conduct an experiment in space.
By sending the two clocks closer to the sun we can take ad-
vantage of the larger gravitational potential to increase the
sensitivity to (84 — 8g). SpaceQ is a recent proposal based
on this strategy [63]. The satellite would be equipped with a
two-clock system, and the frequency ratio between the clocks
as the satellite orbits the sun would be measured. The first
stage of the experiment proposes to send a satellite to Mer-
cury’s orbit, which is at » = 0.39 AU. The second stage could
reach down to r = 0.1 AU. In both these stages the satellite’s
orbit is designed to be circular, which means that during the
main stage of the experiment EP violating effects would not
be measurable. However, as pointed out in the proposal, data
can also be taken as the satellite transits towards its final orbit,
allowing us to measure EP violating effects. In reaching the
r = 0.1 AU orbit, the satellite would experience a change in
the gravitational potential of the order of AU ~ 1077, which
is greater than the annual modulation of the gravitational po-
tential on earth by a factor of nearly 300. In Fig. 6 we il-

lustrate the sensitivity of this proposal to d. in four different
scenarios. In the first case a satellite is sent out to Mercury’s
orbit containing two optical clocks. In the second case, one of
the optical clocks is replaced by a nuclear clock. In the third
and fourth cases a satellite is sent to orbit the sun at = 0.1
AU with an optical-optical and a nuclear-optical clock system
respectively. In all versions of the experiment we assume a
fractional uncertainty of Af/f ~ 10718, We see that the use
of nuclear clocks leads to great improvements over the current
sensitivity.

B. Identical Spatially Separated Clocks

The FOCOS experiment [62] proposes to place a satellite
carrying an optical clock in an elliptical orbit around the earth.
The clock on the satellite will communicate with an identical
clock on earth via optical links as the satellite approaches its
apogee and perigee. Since the distance between the surface
of the earth and the satellite will vary between 5000 km and
22500 km, the satellite will experience a large variation in the
earth’s gravitational potential, allowing for an accurate deter-
mination of 4. The optical clock offers more stability and
precision than the microwave clocks that were used in earlier
satellites. Instead of continuous monitoring of the frequency
ratio, the experiment would monitor the phase difference be-
tween the clocks which can be translated into a frequency dif-
ference. This ultimately can be transformed into a limit on 8 4
using Eq. (35). The experiment aims to measure 54 with an
accuracy of 1079,

As explained in Sec. II B, the bound on the anomalous red-
shift can be translated into bounds on the parameters D, and
d, through Eq. (26). Since the proposal did not specify the
clocks that would be used on the mission, we will consider
two scenarios. In the first scenario, the satellite is equipped
with an optical clock based on the electric octopole transi-
tion (E3) of 71Yb", which has the highest realized sensitivity
to the variation of the fine structure constant, K, = —6 [72].
In the second scenario, we consider a satellite with a nuclear
clock that has a sensitivity of K, ~ 10%. The expected experi-
mental reach of these two versions of the FOCOS experiment
for the couplings d., dg, d,. and dy, is presented in Figs. 6, 7,
8 and 9. Remarkably, we see from Fig. 8 that with even with
existing clock technology the FOCOS experiment would be
competitive with the currents bounds on d,,,, from direct fifth
force searches. However, to improve on the current limits on
de, dg and dy, would require the use of nuclear clocks.

It follows from this discussion that, when it comes to fifth
forces mediated by scalars that couple primarily to electrons,
satellite-based clock experiments can already compete with
direct fifth force searches. The reason why this particular cou-
pling is where clocks first start to gain ground is because the
frequencies associated with most atomic transitions are di-
rectly proportional to m., and so they are very sensitive to
changes in the electron mass. In contrast, in direct fifth force
searches, the electron only contributes a small amount to the
mass of any given atom and so these experiments are inher-
ently less sensitive to forces that act primarily on electrons.
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FIG. 5: In the dc vs. mg plane, we show how the projected

limits from future earth based two-clock experiments compare
against the current bounds from direct fifth force searches. The
orange region represents the current bounds from atomic clock
experiments [70]. The blue region shows the parameter space
excluded by the MICROSCOPE experiment [31, 67]. The green
line depicts the projected limit from a future Earth based experiment
involving two optical clocks with AK, = 7 and Af / f =102,
The red line shows the projected sensitivity of an Earth based
two-clock experiment involving a nuclear clock with AK, = 10*
and Af/f =10718,
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FIG. 7: In the d4 vs. mg plane we show how the projected lim-
its from future clock based experiments compare against the current
bounds on fifth forces. The blue region shows the parameter space
excluded by the MICROSCOPE experiment [31, 67]. The red line
depicts the projected sensitivity of an Earth based two-clock experi-
ment involving a nuclear clock, the dark brown line shows the pro-
jected reach of the space based FOCOS experiment equipped with
a nuclear clock, while the dark magenta and dark cyan lines project
the sensitivities of the SpaceQ experiment assuming that the satellite
reaches r = 0.39AU and r = 0.1AU respectively and is equipped
with nuclear clocks. We take AK, = 10° and Af / f=107"® for
all clock9 pairs except for the FOCOS experiment where we assume
B=10"".
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FIG. 6: In the d. vs. mg plane we show how the projected limits
from future experiments compare against the current bound from di-
rect fifth force searches. The blue region shows the parameter space
excluded by the MICROSCOPE experiment [31, 67]. The red line
shows the sensitivity of an Earth based two-clock experiment involv-
ing a nuclear clock with AK,, = 10* and Af/f = 107'®. The brown
and dark brown lines show the potential reach of the FOCOS exper-
iment [62], assuming that the satellite is equipped with an optical
clock with K, = —6 or a nuclear clock with K, = 10* respectively
and measures the redshift with the accuracy of 3 = 10™°. The ma-
genta and cyan lines depict the sensitivity of the SpaceQ mission
[63] while traveling towards the r» = 0.39 AU and r = 0.1 AU orbits
respectively, assuming that the satellite is equipped with two opti-
cal clocks with AK,, = 7 and Af/f = 107'®. The dark magenta
and dark cyan lines depict the ultimate sensitivities of the SpaceQ
experiment while traveling towards the 7 = 0.39 AU and r = 0.1
AU orbits respectively, when the satellite is equipped with a nuclear-
optical clock system with AK,, = 10* and Af/f = 1075,
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FIG. 8: In the dmm, vs. mg plane we show how the projected limit
from the future space based FOCOS experiment compares against
the current bound. The blue region shows the parameter space
excluded by the MICROSCOPE experiment [31, 67] while the
brown line shows the reach of the FOCOS experiment [62] assuming
that the satellite is equipped with an optical clock with K, = -6
and the redshift is measured with the accuracy of 8 = 107°.
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limits from future clock based experiments compare against the cur-
rent bounds from direct fifth force searches. The blue region shows
the parameter space excluded by the MICROSCOPE experiment
[31, 67]. The red line gives the sensitivity of an Earth based two-
clock experiment involving a nuclear clock, the dark brown line de-
picts the reach of the space based FOCOS experiment equipped with
a nuclear clock while the dark magenta and dark cyan lines project
the sensitivities of the space based SpaceQ experiment assuming
that the satellite reaches r = 0.39AU and r = 0.1AU respectively
and is equipped with a nuclear clock. We assume AK, = 10° and
Af / f =107*® for all clock pairs except for the FOCOS experiment
where we assume 8 = 107°.

IV. CONCLUSIONS

In this article, we have explored how clock based experi-
ments offer an alternative approach to probing EP violating
fifth forces mediated by ultralight scalars. The same scalar
field that mediates the fifth force will, in general, also give rise
to position dependence in the fundamental parameters. Clocks
on the earth as it orbits the sun or clocks on satellites orbiting
the earth are sensitive to this effect, and therefore provide an
excellent opportunity to test this class of models. The sensi-
tivity of clock based experiments can be compared against the
limits from direct fifth force searches, providing a benchmark
to aim for when designing these experiments.

We have considered two classes of experiments utilizing
clocks. The first class of experiments we studied were dif-
ferential measurements where two different clock transitions
were being compared at the same location. These experi-
ments, performed on earth or in space, have the potential to
probe beyond the current limits but require clocks more sensi-
tive than currently available. The second class of experiments
are anomalous redshift measurements where a clock in an el-
liptical orbit around the earth is compared to a clock on earth.
Experiments along these lines utilizing current clock technol-
ogy can place constraints on fifth forces that act primarily on
electrons that are competitive with current constraints. Future
nuclear clocks in elliptical orbits would offer a significant im-
provement in sensitivity to several different couplings.

The rapid experimental progress in clock technology has

been quite remarkable. Their sensitivity has been consistently
improving by an order of magnitude every few years for the
past several decades. Our analysis shows that if this rate of
improvement is maintained, clock experiments may soon offer
the greatest sensitivity to EP violating fifth forces mediated by
ultralight scalar fields.
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Appendix A: Effect of Uncertainty in the Earth’s Gravitational
Potential on Anomalous Redshift Measurements

Fifth force searches based on anomalous redshift measure-
ments require a knowledge of the general relativistic contri-
bution to the redshift to the corresponding level of accuracy.
Therefore uncertainties in our knowledge of the earth’s gravi-
tational field can limit the precision of the determination of the
anomalous redshift. In this respect anomalous redshift mea-
surements differ from direct fifth force searches or differen-
tial redshift measurements, for which the effect of the uncer-
tainties in the earth’s gravitational field is small because they
compare the motion of two bodies of different compositions
or two different clocks at the same physical location. In the
neighborhood of the earth, the gravitational potential is deter-
mined from the precisely measured orbits of many different
satellites under the assumption that they are acted on only by
the gravitational force. However, as emphasized throughout
this paper, models which give rise to position dependence of
fundamental parameters also predict a fifth force. This fifth
force will affect the orbit of satellites and will therefore af-
fect the inferred value of the gravitational potential. In this
appendix, we systematically take this effect into account and
show that the corrections to our formulas are small.

Anomalous redshift experiments employ a clock placed on
a satellite in orbit around the earth. The frequency of this
clock is measured at different locations and compared against
the frequency of an identical clock on earth. The anomalous
redshift 54 inferred from these experiments is related to the
frequency change of the clock as,

A ~ -
Tf = (1 + 5A)AUinfer 5 (Al)

Here anfcr is the inferred value of the difference in the grav-
itational potential as opposed to its actual value AUgr. In



the class of theories we are exploring, this observed change in
frequency actually arises from two separate contributions, one
from general relativity and the other from the location depen-
dence of fundamental constants. Together, these read

Af
f

where the first term is the difference predicted by general rela-
tivity while the second term is what was calculated in the text,
see e.g. Eq. (24). To translate the experimental bound on B A
to a constraint on 34, we need to relate Uy g, to Ugg.

The gravitational potential is inferred from the motion of
satellites. The acceleration of a satellite in the earth’s gravita-
tional field is given by,

= AUgr + BAAUgr , (A2)

M
a= eM (1+agas) =

= (A3)

A anfer
,,1 )

where ag and ag represent the values of ax for the earth and
satellite respectively, where ax is as defined in Eq. (5). For
simplicity we have taken the mass of the ultralight scalar to
be zero, since incorporating a non-zero mass for the modu-
lus would require a detailed understanding of the orbits of the
satellites employed.

Using the relationship AUgg = GM /r and Egs. (A1), (A2)
and (A3), we find that

Ba ~ Ba - agas. (Ad)
From Eq. (26) we have
%‘ = (K2 +2)de - K[ (dm, — dg) + KN (i — dg) + dim, ] -
(AS5)
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Then the inferred anomalous redshift 34 is proportional to the
difference

Ba o< F(Ky,d,) -as (A6)
where F(K#%,d,) is the term on the right hand side of
Eq. (AS). From the expression for ag in Egs. (5) and (7),
we see that this difference is the sum of a term proportional
to d., a term proportional to (d,,,, — dy) and a term propor-
tional to (dy, — dg). As we now explain, this is exactly as ex-
pected. Recall that experiments cannot distinguish an EP pre-
serving dilaton from general relativity in the non-relativistic
limit. Setting the couplings to their values in the dilaton limit,
dg = dy, = ds, and d. = 0, we find that 34 = 0 as expected.
This constitutes a powerful cross check of our results.

From Eq. (7) we see that the parameters ()y,, e and @y,
are all much less than one. This allows us to approximate

Ba

v (K +2)de + (1-
OE

KM (dm, —dg) + KN (da - dg)] -

(A7)
Comparing the right hand sides of Eqs. (A7) and (AS), we
see that the difference between the two is just d,. While the
actual anomalous redshift scales with d, as /3 A/ OF ~ (K A
K A)dg, the inferred anomalous redshlft scales as 4 /aE ~
(K l‘? K qA - 1)d,. Thus the errors arising from neglecting
the effect of the fifth force on the motion of the satellite are
small provided that either d, is negligible or | K /j‘ + K ;‘| > 1.
For the clocks used in the experiments we have considered,
the second condition is satisfied.
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