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1 Introduction

One possible solution to the “missing mass” problem is that of an ultralight sub-eV bosonic
Dark Matter (DM) field, coherently oscillating to account for the observed DM density
(e.g. [1-5]). Such a light field would oscillate with a frequency proportional to its mass my,
and an amplitude which is determined by mg and the DM density ppw,

V2ppMm

Mg

cos(mgt+96), (1.1)

where § = mg E - Z is some random phase with ],5’ | ~ 1073 being the virial DM velocity.
Possibly the most simple model of an ultralight dark matter (ULDM) field is obtained by
augmenting the Standard Model (SM) (of fundamental interactions and elementary particles)
with only one degree of freedom. Adding a free light spin-0 field, with its misalignment angle
appropriately tuned towards the end of inflation so that its oscillation amplitude yields the
right DM abundance, fully address the missing mass problem (see for instance [6] for more
detail). Such a model can be tested solely by its gravitational interactions [7-9], however,
adding self-interactions may render the DM distribution, and hence the corresponding
bounds, non-robust.

More conceptually, models with spin-0 ULDM face two main theoretical challenges.
The first is associated with the hierarchy problem, namely, the challenge of keeping the
scalar light, although in the presence of interactions microscopic quantum fluctuations are
generically expected to contribute dramatically to its mass. We shall discuss it further
in the following sections. The second challenge is associated with the fact that all fields
interact via gravity. Even in the absence of a direct coupling of the scalar to the SM fields,
one may argue that if the spin-0 particle is an elementary, point-like, microscopic field,
“gravity-mediated” interactions will inevitably generate such an effective coupling. Below
the Planck scale, an Effective Field Theory (EFT) describing the SM elementary fields
and the new spin-0 elementary field would consist of (local) interaction terms between the
ULDM and the SM, suppressed by the Planck scale. Such a coupling may be eliminated if



the field is composite or in the presence of additional discrete symmetries (see [10, 11] for
recent discussions).!

Let us first consider the case where the DM field is elementary and there are no
additional discrete symmetries. It is interesting to note that for ULDM models with scalar-
linear couplings between the DM and the SM fields, any masses below roughly 1076 eV are
excluded by experiments testing the Equivalence Principle (EP) (corresponding to regions
with effective coupling dg(cl) 2 1, see text around figure 9 for more details). Along this line,
we point out that one can identify a set of models where the EP bound is greatly ameliorated
or absent (one example for such a model is a pure dilaton, but there are others, see [23, 24]).
In this case, a weaker bound associated with fifth-force searches can be enforced, excluding
models with scalar ULDM Planck suppressed couplings for ULDM masses below 10719 eV.

In addition, there is a broad class of well-motivated models where the ULDM is
predicted to interact with the SM fields beyond merely Planck suppressed couplings. Two
prime examples are models where the ULDM is spin-0 but a pseudo-scalar, Axion-Like
Particle (ALP), or where it is a CP-even scalar. ALPs naturally arise in theories where a
global U(1) symmetry is spontaneously broken, for instance, in Froggatt-Nielsen type of
models [25] that address the mass hierarchies (usually denoted as the flavor puzzle), models
which account for lepton number conservation [26], models of QCD axion solution to the
strong CP problem [27-30], models which solve the hierarchy problem [31] or combinations
of the above [11, 14, 15, 32]. As we have already mentioned, scalar ULDM models are
more involved as they are susceptible to naturalness problems, however, two main options
were described in the literature. In the first, the ULDM mass is protected by either an
approximate scale-invariance symmetry [3] or a discrete Z symmetry [33]. In the second,
inspired by the relaxion paradigm [31], the ULDM is an exotic type of ALP [5], with its
associated shift symmetry and charge-parity (CP) invariance broken by two independent
sectors [34-36]. In all of the above models but the last one, the ULDM couplings to
the SM fields are, to leading order, dominated by the ULDM derivative couplings to the
appropriate SM current operators, with the strength of these interactions dictated by the
transformations of the SM fields under the ULDM shift-symmetry. Generically, we expected
the dominant interaction to be linear with the DM field.

Most of the theoretical and experimental effort has been put towards studying the
linear-DM-SM interactions (see [37-39] for a recent review and refs. therein). However, as
mentioned above, both fundamental scalar and axion models suffer from a rather severe
quality problem, namely they do not provide sufficient protection against operators that
link the ULDM field with the SM ones (usually denoted as irrelevant operators), even if
they are suppressed by super-Planckian cutoffs. It motivates us to consider cases where the
quadratic interactions dominate over the linear ones, at least when considering the more
severely constrained scalar SM-operators. One example of such a scenario is in the case

IThis can be thought of as a generalized version of the axion quality problem [12-15], (for a more
general discussion see [16, 17], and [11, 17-20] for models that address the quality problem). In some more
detail, the QCD axion quality problem is attributed to the fact that the axion potential resulting of QCD
instanton-corrections can be disrupted by the presence of Planck suppressed operators that do not respect
the Pecci-Quinn Symmetry, see for instance [21, 22] for reviews on the topic.



of ultralight QCD axions, where the product of the mass, mg, and the decay constant, f,
satisfies mg f < AQQCD, where Aqcp is the dynamical scale of QCD. This can arise due to
fine-tuning, or in a particular type of Zx models [40, 41]. In such a case, quantum sensors
looking for scalar-quadratic oscillations of constants of nature, would be more sensitive
to the presence of ULDM QCD axion [42], compared with the well known conventional
searches which are based on magnetometer-type of quantum sensors. From the properties
of quantum field theory (QFT), and its low energy EFT perspective, theories where the
quadratic interactions of an ULDM scalar are experimentally significant, seem to be exotic.
First, it implies that the linear coupling that should dominate the phenomenology is, for
some reason, is suppressed. Furthermore, the quadratic coupling of the ULDM, which is
expected to generate large additive contributions to the ULDM mass, is thus being pressured
by naturalness arguments. We nevertheless find it interesting to consider in depth models
where the phenomenology is dominated by the ULDM quadratic coupling, in view of the
interplay between the direct and indirect experimental searches. Together with presenting
the current and expected future bounds on these models, we outline the experimental and
theoretical challenges associated with them, and study concrete examples in which these
challenges can be ameliorated.

The paper is organized as follows: in subsections 1.1 and 1.2, we introduce the ULDM
models of interest and discuss their phenomenology, in particular, the profile of quadratically
coupled DM. In section 2, we review the bounds from different ULDM searches, considering
current and future probes. In section 3, we study in detail the behavior of a quadratically
coupled DM field in the presence of a massive source such as the Earth. In addition, we
comment on the challenges of EP tests and Direct Dark Matter (DDM) searches due to the
DM field profile, and show how those can be addressed by performing experiments in space.
In sections 4 and 5, we review the theoretical aspects of models with sizable quadratic
DM interactions with the SM, and provide various examples in which these couplings are
technically-natural, and dominate over the linear ones. In section 6, we study two specific
models solving the naturalness problem of the ULDM and allowing for a hierarchy between
the linear and quadratic coupling of the DM field. We conclude our results in section 7.

1.1 Model with linear DM couplings

We start by reviewing the case where the DM couples linearly to the SM fields. Since
we choose to focus on CP invariant theories, we distinguish between a CP odd pseudo-
scalar, ¢(z) = a(z), and a CP-even scalar, ¢(z) = ¢(x). The linear interactions can be
characterized by the following low-energy effective Lagrangians

¢! A58y Ao
ﬁﬁn scalar = m@ F“VFHZ/ - 2MPlgSOG “VGMV — Mipll(p mfwfw;‘ + h.C., (12)
R R ©
ﬁn pseudo-scalar — maFuuFuV + ma GHVG my Mipia mf'lbfl/J]cc + h.c., (1.3)

where, F),, is the Electro-magnetic (EM) field strength, GZV is the gluon field strength

with color index b. B4 = — (1—31 — %Nf) 1&% is the QCD beta functions, with Ny being the



number of light quarks. v; (¢5) are the SM Weyl fermions (anti-fermion) with mass my
(f = u,d, e being a flavor index), Mp; = 2.4 x 10*® GeV is the reduced plank mass,

XHv — ehvpo X po With X = I, GY. dgl) and ng) are dimensionless scalar and pseudo-
scalar linear DM couplings, respectively.?

The analysis and the bounds on the scalar coupling, dgl), can be found in [3, 43]. The
oscillating background of ¢, as given in eq. (1.1), induces a temporal variation of the mass of
the SM fermions, the fine-structure constant («), and the strong coupling constant («y) as

Yi(t) = Yi(1+d (¢) /Mpy) (1.4)

where Y € (a, o, ms). DDM searches are sensitive to the time variation of fundamental
constants, with their sensitivity at a given frequency w given as

5Y; DDM-—lin d(l) d(l) 5
nPPM (w) = F, ((Y(t)) ~ A = Fo((0) = Ari o VEPDM (1 5)
i PL Mg

In equation (1.5), Ar; = k1 — kP is the difference of the sensitivity coefficients of a specific

(2
transition (see e.g. [43, 44] and refs. therein) and F,, (f (¢)) is the root of power spectral

density at frequency w, given by F, (f(t)) = \/27&‘ fOTf (t) e_mdt‘2 where T is total
duration of the experiment.

In addition, the scalar field ¢ can also mediate long-range forces between two masses.
Therefore, another constraint on the parameter space of a light scalar DM arises from
experiments testing the EP or deviations from Newtonian gravity [45]. A linear ¢ coupling
with the SM generates a Yukawa force at tree-level, as shown in figure 1.

The Yukawa poten tial that affects a test body A in the presence of a massive central
body C, such as the Earth, has the following form

in mnm2 1 .,
V\l"ukawa = _Q?Q? (d'E )) me @ ’ (16)

where Q4 and Q€ are the dilatonic charges of the test body and the central body respec-
tively, (see e.g [46]) and r is the distance between A and C. The sensitivity of EP violation
tests is characterized in terms of the differential acceleration a between two test bodies A
and B in the presence of a source C, and takes the following form

EP-linear 2
&P:(mmﬁ o (dV)" 2Qi Q7 (L7)

a
where AQ; = QZA — Q?.

1.2 Model with quadratic DM couplings

The same analysis for the DDM and EP bounds on a linear ¢ theory can be extended
to quadratic interactions. We focus on a CP invariant quadratic ¢ theory, given by the

2Eq. (1.3) is basis dependent. One can perform pseudo-scalar dependent redefinition of the fermion fields
to remove pseudo-scalar coupling from the mass term or from a topological term.
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Figure 1. A Yukawa potential is generated at tree level from the exchange of ¢.

following effective Lagrangian

(@) (2) (2)

¢ | de dg By b b din;
Eu—inzf HVFV— G v e ii(‘: h.., 1.8
aued-int = "o At T T oM g S V- (1.8)

where the dl(?) are the dimensionless quadratic couplings.

Since ¢ acquires a time-dependent vacuum expectation value (VEV) as in eq. (1.1),
oscillations of fundamental constants will be generated similarly to the linear theory, but
with a background value of <q§2> instead of (¢). For example, the variation of a constant Y;
can be written as,

63 (t) > d pou
Yy, = A/@iwgl <(b > ~ AR; Mglm—é cos” (met + 0) (1.9)

One should note that since the temporal modulation of the fundamental constant should

follow a cos? (mgt) behavior, a bound on (4Y;(t)/Y;) at an angular frequency v should
h

S
Moreover, since the time-averaged value of {cos? (mgt)) = %, there is an additive constant

be interpreted as a bound on the couplings of a DM candidate with a mass of mg =

contribution to the fundamental coupling constants. In this work, we are interested in
timescales on which DM density variations, and decoherence effects can be neglected. For a
discussion related to the slow variation of the DM amplitude see e.g. [47, 48] (cosmological
evolution) and [49] (velocity dispersion decoherence).

The EP bounds on the quadratic interactions are of different nature than the EP bounds
on the linear theory. In the quadratic theory, there is no Yukawa potential generated at
tree level. However the time and space dependent background value of <d)2>, in the presence
of a massive central object, results with an effective long range force. In appendix C, we
analyze the obtained background value of (¢?) and its affect on the acceleration of a test
body, and compare it to the 1-loop quantum corrections of ¢?. We find that in the regime
of our interest of ULDM, the quantum corrections are negligible compared to the classical
ones. See [50] for a discussion of the Yukawa force for generalised potentials. Below, we
take a closer look at the profile of ¢ and its implications to EP and DDM bounds.



1.2.1 The profile of quadratically coupled DM, boundary condition
dependence

The dynamics related to quadratic coupling have a strong dependence on the boundary
conditions. In our analysis, we assume that far away from the Earth, ¢ takes its galactic
DM background, following [37]. This assumption is somewhat idealistic since the Earth
is moving in the solar system, which consists of the moon, other planets, and the Sun, in
addition to our solar system moving within the galactic medium, all perturbing the value
of the scalar. In that way, it might not be entirely realistic to set the value of ¢ to its
vacuum solution, assuming it is only be affected by the Earth, as this may depend on other
variables such as the relaxation time and the dynamical history of the formation of the
scalar background [7, 51-53].

Alternatively, one can assume other boundary conditions and consider the phenomenol-
ogy of a transient scalar background [54]. In fact the affect of gravitational focusing of
ultralight DM in the solar system was recently analyzed in [55] where it was shown that it
leads to some changes to the distribution of the ultralight DM, distribution that would have
a preferred direction due to the velocity of the Sun in the DM galactic halo. Finally, the
self interaction of the DM in the presence of a central gravitational potential, is expected to
modify the ULDM distribution, but requires a dedicated focused study beyond the scope of
this paper, as reported in [56]. For the sake of concreteness and despite the fact that the
analysis might be incomplete, we shall follow the treatment of [37], assuming trivial DM
background at infinity as in eq. (1.1).

These boundary conditions lead to two important implications; the first is that the
field is mediating long-distance forces despite being massive, and the second is a screening
behavior near the surface of a massive source. Given the boundary conditions discussed
above, the solution to the Equation of Motion (EOM) extracted from eq. (1.8) near a
massive central object yields the following analytical solution to ¢
¢ (t,x) = ¢pocos (myt +0) |1 — sg) [d@)] GMc , (1.10)

t T

where ¢9 = /2ppm/my is the background amplitude of ¢ at infinity, sg) [dl@)] is some
function of the quadratic couplings (explained in appendix A), G is Newton’s gravitational
constant and M the mass the central body, see subsection B for additional details.

In this section, we follow two limits: the weakly coupled limit and the strongly coupled

limit. In those limits, the solution takes the following form

dgrit 2 .
[1 — e (1 /% )} for d® > derit

& (t,x) = ¢o cos (mgt + 0) [ (1.11)

1- RC} for di? < dgt,

where the critical value of the coupling is defined as d§"'* = R¢/(3QY GM¢), where Re is
the radius of the central body. Therefore, for a given DM mass m,, there exists a critical
value of the quadratic coupling d(?, at which the background value of <qb2> is screened, and



thus the sensitivity to quadratically coupled ULDM is suppressed. This can be seen by
taking the limit » — R¢ in eq. (1.11), when the DDM sensitivity becomes

. -qua d?®
;PP (w) = F, ((fm(t)>DDM d ) N Akd, F, (<¢2>)

. 2
E d£2)>>dfrlt,T2Rc 2MP1

3 i AT (9 dcrit ( Ar ) 2 (2) 9
~ Ak—5 |di"" + =—d; s+ | 5 ) &7 x Fu (cos® (mgt +6
M Rc d? " \Rc ( (me ))
B erit 2
~ Ak—=di"™" x Fy, (cos” (mgt +9) ) , (1.12)
M3, ( ¢ )

where % = ”‘TRC < 1

Finally, we comment on the negative coupling scenario (when the sign of the DM
quadratic coupling is opposite relative to the mass term). In this case, the loss of control
over the system is related to the fact that if inside the Earth the mass is too negative, it
would overcome the pressure gradient from the kinetic term of the order of 1/R¢. Thus,
it would lead to tachyonic instabilities (where within the Earth, the mass squared of the
field is negative) and to a runaway behavior of the field into large-amplitudes inside and
outside [51, 52, 57].

1.3 Summary of EP and DDM sensitivities

We end this introduction by summarizing the sensitivities again, n°PM and n¥F, and
provide their full description as a function of the DM scalar field background. The complete
derivation of these sensitivities can be found in appendix A. For the linear couplings DM
model, we found:
B @ac—idpcl | |AQdNVVE(9)] | AQidY

finear =15 c+dB.C| MpiGMc /12 Mp1GMc /72
sY(£)\  AxAd
Mnear (W) = Fuo ~ Fo ((¢(2,1))) - (1.14)

Y Mpy

In both equation (1.13) and (1.14), the letters A and B represent two different test bodies,
(1)

7

{V(j)(a:,t)vLUd)(a:,t)], (1.13)

while C denotes the central heavy object such as the Earth. d;’ is the linear DM coupling

to the 7" SM field. For the quadratic DM model, we find

EP |da,c — dB,c| ~ AQz‘d,@) & (1) [qu (2,t) + T (:L"t)] , (1.15)
qua ’6_1:,47(;' + 6370‘ ]\41—%1G]\4c/7“2
oY (t A/{f‘dl@)
R @) = £ (T5) = SR (¢ @) (116)

Finally, we present the approximate sensitivities given the specific DM background solution
of eq. (1.10) with its special boundary conditions. For the linear DM model, we get

EP  _ ol0AC —ABC| | 10 (DA~ (D) —myr
nlinear_zm—Qj d; TAQid; Tem T, (1.17)
sY () ArAd
TB2M () = | Y()’: TE (1.18)



Lastly, the results for the quadratic DM model are

B _ olda,c—dBC]| @) () 4(2) AB 2) %% { @) GMC}
=202~ AQ,d, dP1(AQ)AE g 2011 _{BZTECH (119
T/quad |6A,C+aB,C‘ Q 7 SC [ 7 ]( Q)j J 2M112>] SC r ( )
(2) 2
DDM oY @)l Artd;” 20 GM¢
Nquad (2m¢) - % — 4M1%1 ¢0 1_50 r . (120)

2 Updated Bounds from EP and DDM searches

In this section we present the bounds on the DM models both from EP and DDM searches.
We also discuss the interplay between the EP and DDM searches for the linear and the
quadratically coupled DM with the SM. We also discuss two proposed ways to alleviate the
EP test constraints in details and present the reach of DDM searches in those scenarios.

2.1 Summary of current and future bounds

The known bounds on scalar, pseudo-scalar and quadratic DM interactions with the SM
are summarized in tables 1-3 for various ULDM masses. In addition, we also present
(1)

current and future-projected bounds on the linear scalar couplings d; ’ and on the quadratic
couplings dl@ as a function of the DM mass for various local DM densities, up to 10° the
DM density at the solar position p$,, [58], as motivated by [56, 59, 60]. The bounds for the
electron couplings, d,,,, are shown in figure 2, the bounds for the photon couplings, d., are
shown in figure 3, the bounds for the quark couplings, d,,, are shown in figure 4, and the
bounds for the gluon couplings, dg4, are shown in figure 5. For all linear couplings, the EP
test bounds are derived from the terrestrial E6t-Wash Be/Ti [61] and Eot-Wash Cu/Pb [62]
measurements, as well as from the MICROSCOPE data [63] taken on a satellite orbiting the
Earth at an approximate altitude of 700 km. For the quadratic couplings, we present only the
bounds from MICROSCOPE, which are expected to be the strongest [37]. The current DDM
bounds for d,,, are given from the H/Si clock-cavity comparison measurements presented
in [64]. For d., the current DDM bounds are given both from H/Si and Sr/Si clock-cavity
comparisons [64], where for masses larger than ~ 10716 eV an additional measurement with
using dynamical decoupling was applied to improve the sensitivity at high frequencies [65].
For both d,,, and d., we also show a line representing a DDM sensitivity of nppy = 10718 at
all masses, as well as the expected bound from the future DDM MAGIS-100 experiment [66].
A DDM experiment involving hyperfine transitions [64, 67] and/or vibrational levels of a
molecule [23] can be used to constraint DM couplings to nucleus i.e. d,,, and d,. However,
here we present the expected bounds from a nuclear clock with a sensitivity of nppy = 10724,
using a Ramsey sequence with the parameters given in [36]. The astrophysical constraints
mentioned in tables 1-3, are coming from various stellar cooling processes as mentioned in

the given references.

2.2 Complementarity of EP tests and DDM searches

We can compare the bounds on the DM couplings coming from DDM experiments to
the ones coming from EP tests, both for linear and quadratic interactions. We begin by
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Figure 5. Top: the bounds on dél) from the linear DM gluon couplings. Bottom: the bounds on
d§2) from the quadratic DM gluon couplings.
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my = 107% eV

operator current bound type of experiment
(1)
4d]\'2 ¢ FMF dtV <1072 [62] EP test: Eot-Wash Cu/Pb

ga w
o O FM Fu
Feh

dt < 2% 108 [68)

axion/ALP searches: CAST

e Metetss )| <1 [62] EP test: Eot-Wash Cu/Pb
i

i

Mpr @ MmePethg

aVs v
g (9)¢ GH G,uz/

i) | < 8 % 10° [69]

dY <1073 [62]

Astrophysics

EP test: Eot-Wash Cu/Pb

5(1) ~ ~

j\ljp »G* G, d_gl) <108 [70, 71] Astrophysics
)
MF]I dmMNYNYS ‘dﬁﬁ}v‘ <6 X 1073 [61] EP test: E6t-wash 2008
din) .
‘Mg‘ d mNYNYS; ‘d%g\]’ <3 x 108 [72] Astrophysics

(2) 2
s 02 P F d? < 10% [63] EP test: MICROSCOPE
i)

ng& Metpethe

df)ﬂg ¢2 GNVGW/

)| < 1077 [63]

d? < 10% [63]

EP test: MICROSCOPE

EP test: MICROSCOPE

4MZ g
a3, @
GTVEN ¢ mNYNYS

ik | < 10% [63] EP test: MICROSCOPE

Table 1. Strongest existing bounds on various DM couplings for a mass of the order of m, = 1078 eV.

summarizing the scaling of the DDM and EP bounds, both in the linear and quadratic
theories, as presented in table 4. As one can easily read from table 4, the ratio of the
bounded couplings from different types of experiments, i.e., the ratio: (d)ppy/ (d)gp has
the same parametric dependence in both the linear and the quadratic theory, as long as
the spatial dependence of the bounds may be neglected (namely, away from the Yukawa
decoupling of the linear bounds and in the sub-critical region for the quadratic bounds).
Therefore, under these conditions, if one type of experiment dominates the bounds on the
linear interaction in some region of the parameter space, we expect it to also dominate
the bounds on the quadratic couplings and vice versa. As is further shown in the table,
in agreement with the plots above, DDM experiments tend to be more powerful at lower
masses. Their corresponding constraints improve linearly with the experimental sensitivity,
whereas EP tests are expected to take over at higher masses while scaling only with the
square root of the experimental sensitivity.
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operator

mey = 10717 eV

current bound

type of experiment

d
aM, 1¢F Fu

L
Mpy 1224
i)
Mo @ MePete
@)

i Mpr O mePethg

Ao O MNUNYY
)

CRer O MNYNYY

d? 5 ”
i P E

Fe)

m

€
ng& Mmetpethe

df) Bg ¢2 G#VG;,LV

d <1074 [63]
dt < 2% 106 [73]

din)| < 1072 [63]

din)| < 8 % 10° [69)

diY <6 x 1076 [63]

i < 108 [70, 71]

ik | 6 x 107 [63]

‘JEH < 3% 108 [72]

d? < 101 [63]

< 1012 [63]

&
d? < 1011 [63]

EP test: MICROSCOPE
Astrophysics

EP test: MICROSCOPE
Astrophysics

EP test: MICROSCOPE
SN1987A, NS

EP test: MICROSCOPE

Astrophysics

EP test: MICROSCOPE

EP test: MICROSCOPE
EP test: MICROSCOPE.

4MF2’ g
d,
GIVES ¢* mNYNYSy

k| 101 [63]  EP test: MICROSCOPE

Table 2. Strongest existing bounds on various DM couplings for a mass of the order of mgy =
1071 eV.

While one of these searches usually dominates the bounds for specific masses, we would
like to argue that EP-tests and the DDM searches are complementary to each other and
provide independent information. Below we point out two engaging scenarios in which the
naive ratio between EP and DDM bounds is violated, demonstrating their complementary.

2.2.1 Enhanced DM Density

The current EP bounds for the quadratic theory and the DDM bounds for both the linear
and the quadratic couplings strongly depend on the local DM density. These bounds
become more stringent if the on-Earth DM density is enhanced compared to the DM density
at the solar position p%M [58], as would be the case if a compact boson star consisting
of ¢ is formed in the early universe, and is gravitationally bounded to the Sun or the
Earth [56, 75, 76]. Importantly, note that DDM searches are more sensitive to the local
DM density than EP tests, and thus the ratio of their corresponding bounds d?DM / dfp
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me = 10718 eV

operator current bound type of experiment
(1)
4‘3? - FHF,, d <1074 [64] DDM oscillations
F(1 ~ ~
j‘fj—md) FHME,, atV <2 x 109 [73] Astrophysics
)
il Mt ‘di,il < 2% 1073 [64] DDM Oscillations
) .
Vo @ Metbets ‘d%i‘ <7 x 108 [69) Astrophysics
(1)
Uy GGy, | dy? $6x1076(63)  EP test: MICROSCOPE
7(1) ~ ~
j\ljp »G* G, dél) < 4 [74] Oscillating neutron EDM
dsy)
Tl MmN \d,&i}v\ <2x1076[63] EP test: MICROSCOPE
) y
it ma Ny, ‘d,&i}v‘ < 4 [74] Oscillating neutron EDM
(2) .
i 62 P F d? <109 [64] DDM oscillations
)
S 62 metes ‘dﬁ%ﬁ < 106 [64] DDM oscillations
4B 2 d? <107 63 EP test: MICROSCOPE
AME g¢ p g [63] est: :
i)
2Mgl 2 maYNYS \d%\ <107 [63]  EP test: MICROSCOPE

Table 3. Strongest existing bounds on various DM couplings for a mass of the order of mgy =
10718 eV.

would vary with the density. The ratios d”PM/d*F | are presented as a function of the
DM on-Earth density enhancement ppy/ ng for a few different benchmark DM masses
in figures 6-7. Although a density enhancement factor much larger than 10° is currently
not motivated by theoretical or experimental considerations [56, 59, 60], higher densities
are included for completeness. For (dp, )°"™M / (d, )™ and (de)P?"™ / (do)® in figure 6,
the atomic/molecular clock sensitivity is taken to be nppy = 1078 for all values of M.
For (qu)DDM / (qu)EP and (d,)PPM / (dy)®" in figure 7, the nuclear clock sensitivity is
taken to be nppy = 10724 for all values of mg. The EP sensitivity is taken from current

experiments and depends on the mass of the DM.

As expected, an enhanced DM density would make the ratio between the DDM bounds
and the EP bounds smaller. In particular, for the electron coupling and for the photon
coupling, the hierarchy between the two searches may be flipped for masses greater than
~ 107 ¢V. In addition, for the quadratic interactions, the DM density enhancement could
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(1) (2)
: 4; i : d; 2 i
linear theory: Wplqﬁ Ogm quadratic theory: mqﬁ Ogm

(1) (2)
. (Y d; " \/2ppm ;" ppm
DDM bounds: ( v (t)) < MpDDM Mpr g 203, m?

EP bounds: ((Sa;est) < nEp (dgl)dgl)) AQEestQEarth ML;] (dEQ)df)) AQEestQ?arth Pn]zlil

Fartl , oSt Barth
Ratio: (Dppy Mpimg /AQI QP> 7IDDM 2Mpimy\/AQIT QT IDDM
(Dep V2ppM VEP V/PDM VIEP

Table 4. Theoretical estimation of the bounds on the linear and quadratic couplings between the
light scalar DM and the SM light fields. nppy and ngp are defined as the sensitivity of the DDM

and EP experiments, respectively. Y is a fundamental constant ¥ € («a, a5, my) and Ogy is the
appropriate SM operator Ogy € (%F”"F/w , %ij"(lﬁwmiwﬂ/}f). The spatial dependence of

the bounds is disregarded (equivalent to taking the m, < 1/R¢ limit for the linear case and the
d§2) < dS*1® limit for the quadratic case).

also effectively shift the onset of the critical behavior to higher masses, making DDM
searches sensitive to the quadratic couplings at these masses, as opposed to the ppy = p%M
case. Therefore, when considering the possibility of a larger DM density, the DDM and EP
searches may have competing sensitivities, making them complimentary.

2.2.2 Non-generic couplings

Let us discuss the bounds from the EP test experiments, which are generically stronger
than the constraints arising from the DDM searches for individual coupling in the region
10718V < my < O(eV) [37, 64]. As discussed, the EP tests compare the dilatonic
charges of two test bodies. To calculate the “dilatonic charge” of an atom a with Z(NV)
being the number of protons (neutrons), one can write the mass of an atom m? as,
m*(Z,N) =m2,.(Z,N)+ Zm,. , where, m3,. is the mass of the nucleus of a. Furthermore,
the nucleus mass contribution can be decomposed in terms of the proton (m,) and the
neutron (m,,) masses, and the binding energy of the strong (Fs3) and electromagnetic (F1)
interaction as, m2,.(Z, N) = Zmy + Nm,, + E3 + E; . Note that E; is dominated by the
EM force within the nucleus, and thus we will ignore the electrons’ effect on it [46]. For a
generic atom a, the dilatonic charges, Qa, can be written as [46],

Na a —4 —4 0.04 6,.2

Q*~F (3><10 —4rr+8rz,3x10"=3ry, 0.9,0.09—m—2x10 rl—rz,0.002r1) .
In what follows we use the following notation for a vector X=X eme,ga,om > With 1 = (mg+
my) /2, dm = (mg—my), 104 rr.; =1-2Z/A; Z(Z —1)/A*3 | and F2 = 931 A2/(m?/MeV)
with A2 being the atomic number of the atom a. The MICROSCOPE experiment [63,
77, 78], which provides the strongest EP bounds for masses below 1072 eV, is sensitive
to the difference between the dilatonic charges of Platinum/Rhodium alloy (90/10) and
Titanium/Aluminum/Vanadium (90/6/4) which is given by

— .
(AQ M€ ~1073(—1.94, 0.03, 0.8, —2.61, —0.19) .
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Figure 6. Ratio between DDM bounds and EP bounds on the DM-SM electron coupling d,,, (top)
and photon coupling d. (bottom) as a function of the on-Earth DM density enhancement, relative
to the DM density at the solar position ng. Solid — ratio for the linear coupling dV), dashed —
ratio for the quadratic coupling d®). The vertical lines mark the minimal density enhancement
required to probe sub-critical quadratic couplings by DDM tests. The DDM sensitivity is taken to
be nppm = 10718 for all DM masses mg. The EP bound is taken as from existing EP-tests results.
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(A—Cé) for other experiments looking for EP violation are discussed in [23]. We find that
these sensitivities map to directions in the five-dimensional ULDM coupling space that
are very different from that of DDM searches, denoted by (A—/i> YPPM " which usually have
O(1) sensitives for variations in o and m, (e.g. [44, 79, 80] and refs. therein). Examining
the four best EP bounds, Cu-Pb [62], Be-Ti [61], and Be-Al [81] along with the previously
mentioned MICROSCOPE experiment, in the five-dimensional vector space of coupling,
we can construct a combination that would be orthogonal to all of them, approximately
given by,

Q+ ~ (0.01,0.99, 0.01, —0.01, 0.13) . (2.1)

It implies that models of light scalar DM with coupling direction defined according to o+ d
would not be subject to these four leading EP bounds.

Here for simplicity, we consider an ULDM quadratically coupled to the SM and assume
two scenarios:

1. A model where only dq(q%l #0,

2. A model defined by a vector of sensitivities, o+ - J(2>, that is orthogonal to the
sensitivities of the four leading EP test experiments.

We present the bounds on these two models in figure 8 by the solid and the dashed
lines, respectively. For the second model, we have projected the bounds on d,(flz as QL
has a relatively significant overlap with the direction corresponding to m. (the second
entry of it, which is the largest). Also for simplicity we have considered a DDM search

experiment, which only depends on m. and thus the sensitivity vector can be written as
— R
(Ax )PPM = (0,1,0,0,0). Note that, due to the large overlap of Q@+ with the m, direction,
H
the specific choice of (Ax )PPM has a negligible effect on the final conclusion. In our case,

QL . (AT; )DDM ~ (.99, which is approximately the sensitivity coefficients corresponding to
me. In addition, the sensitivity of both the EP tests and the DDM searches depend on the
geometry of the source body as discussed in eqs. (1.19) and (1.20) respectively. We also
assume a homogeneous spherically symmetric Earth as the source body, which is made of
32% Iron and 68% silicon oxide. With the above assumption, we get the dilatonic charge of
the source body as

Q%" ~ 1073 (1.87, 0.27, 1000.19, 80.51, 0.04) . (2.2)

As mentioned below eq. (B.6), the critical value of a coupling is inversely proportional
to the corresponding dilatonic charge of the source. In figure 8, we see that d%f (shown
by the solid yellow line) is 35 times larger than the critical value of the second model
which is defined by a vector of sensitivities, QL -~ d® (shown by the dashed yellow line) as
souree . QL = 9.49 x 1073, whereas Qe = 0.27 x 1073. Unlike the first model, where
only d%g # 0, the second model is not constrained by the four leading EP experiments. In
the @ direction, the strongest EP bound is coming from the Be-Cu test [82] (the fifth best
one), which is more than five orders of magnitude weaker than the MICROSCOPE [63]
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experiment, which provides the most stringent bound for any model with only one non-zero
coupling [37]. The turquoise and the pink lines in figure 8 depict the strongest bounds from
the EP tests on the first and the second models, respectively. The black lines depict the
bounds from DDM searches located on the surface of the Earth, whereas the red and the
blue lines represent bounds from DDM searches located 400 km (average altitude of the
International Space Station) and 5000 km above the surface of the Earth (see [83] clock
proposal), respectively. See section 3.2 for more details. We have assumed the sensitivity of
the DDM searches to be nppy = 10718, Note that, below criticality, even the terrestrial
DDM searches provide stronger bounds than the EP tests for both the scenarios discussed
here. These bounds are O(10°) stronger than that of the EP test in the lower mass region.
As explained before, for a given sensitivity, the reach of the space-based DDM searches
is better than the Earth-based ones due to the screening effect of theories with quadratic
couplings. Above mg 2 2 X 10710 ¢V, the bound from the MICROSCOPE experiment is
slightly stronger than that of the space-based DDM searches for the first scenario, where
only d%i # 0. However, for the second scenario, due to the considerable overlap of QL with
the m, direction, the reach of the DDM searches is not reduced, unlike the EP tests. This
allows the space-based DDM searches to provide the strongest bound even for the higher
masses and above the critical value of the coupling. Around mg ~ 10~ 13 eV, the bounds
from DDM searches are O(10%) stronger than the best EP bound (coming from the Be-Cu
test shown by the dashed magenta line in figure 8).

Let us consider a case where the five-dimensional coupling is universal, thus does not
violate EP. As discussed in [23], if a scalar-field coupling to the SM is defined according to
Qain - dD where i = 1,2 with Qg ~ (=0.01,1,1,1,0), then it will not be subjected to the
EP tests bounds. However, it will still give rise to deviations from the inverse square law
and, thus, will be constrained by fifth-force search experiments. To simplify our discussion,
we will consider the case of a linearly coupled scalar to the SM; however, our main result
also applies to a quadratically coupled theory.

To briefly see how the EP non-violation works, we know that gravity couples to the
Ricci scalar R, and using Einstein’s equation, one can write R o< T/’ where T}' is the trace
of the energy-momentum tensor. Thus, if a scalar-field coupling to the SM is proportional
to T}, it will not generate any EP violation. This is an idealistic limit and is realized only
in pure dilaton models, where the dilaton (¢) couplings are precisely given by

¢
Fan T (2:3)

where fqj is the conformal invariance breaking scale [84]. As discussed before and in [37, 46],

LD

above interaction would induce a Yukawa interaction between two bodies. The interaction
strength can be written as

1 Jlnm(¢) ~ 1
VarGN 09 fan

This shows that the dilaton coupling is universal, and the conformal invariance breaking

o=

(2.4)

scale determines the coupling strength. The differential acceleration between two test bodies
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Figure 8. Exclusion plot for dg,%l; the solid lines assume a model where only dg,%l # 0. The dashed
lines depict the bounds for a model defined by a vector of sensitivities, QL. CKQ), that is orthogonal
to the sensitivities of four leading EP test experiments projected onto dgz The black lines depict
the bounds from DDM searches located on the surface of the Earth, whereas the red and the blue
lines represent bounds from DDM searches located at 400 km and 5000 km above the surface of the
Earth, respectively. We have assumed the sensitivity of the DDM searches is nppm = 1078, The
magenta line depicts the strongest bound from the EP tests (which is coming from MICROSCOPE
experiment [63]) for only dg,%) # 0 models. The pink line represents the strongest EP bound for
a model defined by a vector of sensitivities QL - d'? (which is coming from Be-Cu test [82]). The
yellow lines represent the critical value of the couplings.
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is proportional to the difference between their Yukawa interaction strength, as shown in
eq. (A.5), and it vanishes due to the universality of the dilaton coupling. Thus, a pure
dilaton does not generate EP violation. However, it is easy to see using eq. (2.4) that in
the presence of a source with mass m?®, the acceleration of a test body can be written as
. _Gnm® 2ME,

A=—T 1+ 5
r? fan

(1 +mgyr)e "] (2.5)

where Mgl = 1/(87G ) and myqj is the mass of the dilaton. The above equation shows that
the presence of a dilaton causes deviation from 1/r? force and thus can be constrained by
various experiments that test for deviations from Newtonian gravity (fifth-force searches)
(see [45] and refs. therein). We are also assuming that the dilaton would acquire a small
mass from a sector other than the SM [85] in order to be a viable DM candidate [3].

So far, we have argued a scalar that interacts with the SM as given in eq. (2.3) would
not violate EP but would give rise to deviations from Newtonian gravity. Now to get the
direction in the five-dimensional coupling space, we need to write the expression for .
Assuming that the SM is valid up to the scale fqi, T} can be written as

B B B n
Tl = 2(3)6*2 + égj)wz + 2(5)32 +(1—7) Zw:mwwv (2.6)

where g, g2 are the coupling strength of SU(3) and SU(2) gauge groups, respectively, y
represents the hypercharge corresponding to U(1),, and G, W and B are the corresponding
gauge fields respectively. Also, ¥ denotes the SM fermions with mass m,,. For simplicity,
in the above formula, we assume that the conformal breaking scale fg; is far below the
Landau pole of U(1), and above the electro-weak (EW) scale. As T} is invariant under the
evolution of the Renormalization Group (RG) equation (manifested in the above equation),
the dilaton always couples through anomaly matching to the same quantity at any scale .
For our purpose, we consider our theory at u =1GeV and T}/ can be expressed as,

B(gs) Ble) 7
Th = 2—SG2 LY myy. (2.7)
Js 2e
¥
In the above equation, we have redefined the fermion masses in terms of their pole masses.
Combining this with eq. (2.3) and along with our convention of defining a vector in the
five-dimensional coupling space, we can write the dilaton coupling vector, @du as

26(e)

Gai = (== —,1,1,1,0), (2.8)
where e is the electric charge and 3(e) = e3/(127%). As below m, ~ MeV, the theory
essentially becomes free, we find 283(e)/e ~ €2/(67%) x 10 ~ 0.015 as log(GeV/MeV) ~ 10.
Thus, we get Qq = (—0.01,1,1,1,0). Thus, we have argued that a scalar field (the
dilaton), whose coupling is defined according to @dn . aﬂl), will not generate an EP-violating
acceleration, as the direction is indistinguishable from that of gravity. In figure 9 we show
the bounds from various fifth-force searches projected on the dﬁ,il and dgl) directions on a
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Figure 9. Bounds from various experiments which are looking for EP-violation and/or deviation
from Newtonian gravity (fifth force searches) on dg,lll (left) and dél) (right). The turquoise lines
show the strongest constraints from various EP violation searches [61-63, 81] assuming a model
where only dgl) # 0 where i = m,, g. The blue lines depict the strongest bound coming from various
fifth force experiments (see [45, 88, 89] and refs. therein). The red dashed lines indicate dgl) =1

pure dilaton model by the blue solid line. For comparison, we also show the bounds from
various EP tests on a model which only couples to either m, or gluon field strength linearly
ie. LD dsrll)eqﬁmeée/Mpl or L D dél)ﬁ(g)qﬁGQ/@g Mp) by the turquoise line. Various
constraints on these models are shown in details in figure 2 and figure 5 respectively.

We, finally, note that if the dilaton couplings are not perfectly aligned with that
obtained from the trace of the energy-momentum tensor, it will generate EP-violating
acceleration as discussed in [86, 87].

3 Quadratic interactions and screening

In the previous section, we observed that the bounds on the quadratic couplings are weaker
than the bounds on the linear couplings. One reason is the cutoff-suppression, attenuating
the effects of the quadratic coupling by a factor of ¢/Ayy compared to those of the linear
coupling, where Ayy is the UV scale that characterizes the EFT. This happens as a
quadratic couplings represents a higher-dimensional effective operator than the linear one.

The other reason is the fact that the quadratic coupling might be screened at the surface
of a central body as discussed in section 1.2.1, as well as in appendix A, and previously
in [37]. Below we discuss two important scenarios that alter the effects of the screening
behavior. The first is a theoretical one — a model in which both linear and quadratic
couplings are present simultaneously, and the second is an experimental one — positioning
DDM experiments in space.

3.1 Screening and criticality in a model with both linear and quadratic
couplings

Let us discuss the sensitivity of EP tests and DDM searches in the presence of both
linear and quadratic couplings between the ULDM and the SM. While the interplay of
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linear and quadratic interactions has been previously discussed in the context of non-DM
models [90], the DM boundary condition plays a crucial role in setting the field’s profile,
and thus leads to qualitatively and quantitatively different results. As we will show here,
a theory with linear and quadratic couplings has more severely constrained linear and
quadratic couplings than a theory with only one of the couplings turned on. Also, in the
presence of both the couplings, there is a small region of the parameter space where the
DDM bounds are stronger than those of the EP tests.
The Lagrangian of that model can be written as

L= £lin—int +L quad-int » (31)

where Liinint and £ quad-int are defined in eq. (1.2) and eq. (1.8) respectively. As we are
interested in calculating the sensitivities of DDM searches and EP tests, we would like to
solve for the profile of ¢. As discussed above, we assume a homogeneous boundary condition
at large distances for ¢ i.e.

¢(r — 00,t) = ¢g cos(mgt + 9), (3.2)

with ¢9 = v/2ppm/me. The EOM of this combined model is

9?2 -
(8752 -V-V + mi (T)> (ZS - Jsource (T) ) (33)
where we define
g2 QfdV
m2 (r) = + Qi d; r) and Jsource (7) = ———4— r). 3.4
30 =md + S (1) () =~ po (r) (3.4

Notice that the linear coupling, dgl), provides a source term for the EOM whereas the

quadratic coupling d§2) modifies the mass term of ¢. As discussed in [37], in the presence of
a source body C, the SM fields can be replaced by the density of the source body pc ()
with corresponding dilatonic charge Qic, where ¢ runs over the SM species coupled to the
ULDM. If we model the source body C' as a uniform density sphere of radius R¢c and mass

M¢, then one can write

sSMe < Re
pe (r) = { ATRE (3.5)
0 r> Rco.

See the discussion around eq. (B.1) for more details. The solution of the EOM given in
eq. (3.3) with the boundary condition of eq. (3.2) can be written as

sinhc <RT01 [d® /dg“t)
o cs
o (r,t) = cosh [1 [d? /dgﬂt}
g —mgr

Q5 e
¢p cs (1 — sc[dl@]%) - M¢ ]J\JPJI I (m¢RC) “dnr

2 ch(l) - —’ﬁl¢7’
_ Mclg—%ijijl I (m¢r) e ¢ — r < Rg
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where we define cs = cos (mgt + 6) and the functions I(z) and sc[dl@)] are given by

h 2 — sinh .
Ha) =3 TR SIRE PP) = @, (VaP g ) . s)

3

In addition, d"* = Ro/(3Q¢ GM¢) as defined before, and the function J, (z) is defined as
Ji(x) = 3(z —tanh z) /23 [37]. G and Mp) can be used interchangeably with 47G = 1/M3g, .
Using the solution of the EOM for r > R, and assuming the signal will be time averaged,
we get the sensitivity of the EP tests as

N = A AB (1) d(2) .
HEP(T :2|aA,C (IB}C’ ( Q) ( (z) ’v¢‘

|C_L'A,C + 6370’ GMc/TZ Mp; MI%I

as [ (@@ % [] @, GMC]
~ (AQ) ( AP S |1 = PP

+QCdVdY I(myRo) (1+mgr) e™s"

2 M,
- (Qjc d§1)) d? “ - CI(mgRo)? (14 mgr) eQm¢T> , (3.8)

and the sensitivity of DDM searches as

SY (¢ Asyd® Mc\*
HBDM(r):‘ @) Ardi” g(l—Sc[d@)]G C) Fu (CSZ)

Y 2ME, J r
A/ﬁidl(Q) MCQ]CdEU e MeT (2) GM¢o
S L meRa) S < 1= seld S R )
Arid! M
it b0 (1 — sg) [d(.z)]G C) Fu(cs) . (3.9)
Mpy J r

We want to describe the screening effect in this model. As most of the DDM searches
are terrestrial, in this section we consider them to be performed very close to the surface of
the source body, i.e., at r ~ Ro. In section 3.2 we discuss the space based DDM searches
where r 2 R¢.

As discussed before, in a model where the DM interacts only quadratically with the
SM, if the coupling is larger than the critical value, the DDM sensitivity is screened, and
the dependence on the quadratic couplings is suppressed. However, in a model with both
linear and quadratic couplings, due to the mixed d®d®) term, there is no such criticality
for the DDM searches.

To see how it works, let us start with the case when dl(-Q) > d$t. In this limit 3(02) [d@)]

7
can be written as eq. (B.6) and we get,

@@ GMc _ | di Ar
1 So [dz ] r - d(2) +O 3 (310)
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and eq. (3.9) becomes

Ak; :
DDM v 42 gcrit 2
~N — ds W
n (w)’(d§2)>>d§ri°,r~RC) MZ, o di " X F (cs )
AVH QY CmyR.
= o 300 d; I (mgR.)e "o x Fy, (cs)
AK; I 1) Jerit (Ar)
+ 2Ly |d; Lo | x Fules) +O(—) . 3.11
As expected, the above equation shows that if we have only quadratic couplings, i.e., dl(l) =0,

then DDM searches become insensitive to the quadratic couplings, as the sensitivity does
) (1 d?
: .

not depend on dl(-2 in the supercritical limit. However when at # 0, it is sensitive to \/d;

We can further simplify the above expression for my < 1/R¢ as

Ak; d? Ar dgt
DDM ~ 2Ry (1) i =20 %
" (w)‘(dlgz>>>d§rit,r~Rc<<1/m¢) N 3y 20 d | e X e () O oy )

i

(3.12)

and for mg > 1/Rc as

Ak d® (a1 Ar
DDM ~ 2Ry (1 | % i =
K ‘ (d§2)>>d§rit,T2Rc>>1/m¢) - MPl ¢0 d-] d%rit d,Ez) 2m§>R% X fw (CS) +O (RC’) ’
(3.13)
by noting the limiting case of the function I(z)
. . 1
ilir%) I(x) — 1 and xll)ngo I(x)e™™ — 27 (3.14)

For completeness we also discuss the case of small quadratic coupling, dl(-2) < d$*t. In this
case s¢ [dl(?)] o~ Qlcdl@) and eq. (3.9) becomes

ArdV
X 3 cs® + il

2
nDDM‘ ~ A“idg )
(d£2)<<d§m,r:Rg> T 2M3,

d?
x¢ocs+(’)( ! ), (3.15)

crit
di

for all masses.

In figures. 10-11, we present the allowed parameter space of a model with both the
linear and quadratic couplings for different masses of the DM. We notice that introducing
a non-zero quadratic coupling changes the bounds on the linear coupling and vice-versa.
This means that a theory that has both linear and quadratic couplings has a stronger
constraint on each compared to a theory with only one of the couplings. Despite that, we
see that in most of the parameter space of interest, the EP bounds from the linear coupling
are still the dominant ones. Due to the scalar field profile in the presence of both linear
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and quadratic couplings, there is a small region of the parameter space where the DDM
bounds are stronger than the EP bounds, as can be seen in all the figures below. This could
be of potential interest to DDM searches whose accuracy has improved vastly in the last
few years.

The above observation motivates us to present a few models where the linear couplings
are suppressed compared to the quadratic ones. We require that these theories are natural
in the sense that there is no fine-tuning in order to achieve such hierarchies between the
small values of the linear coupling compared to the relatively large values of the quadratic
coupling. We present two such models within the Clockwork framework in section 5.4, and
another model of within the Relaxed Relaxion framework in section 6.2.3.

3.2 Screening and criticality in space

Since the screening of the ULDM is most dominant at the surface of the Earth, experiments
done further away are less affected by it, as can be seen by eq. (1.11). This is the key to
the dominance of the MICROSCOPE EP test, positioned at an altitude of roughly 700 km,
over the bounds on the quadratic coupling. If, however, DDM searches are also performed
in geocentric orbits, they too would become sensitive to the ULDM quadratic couplings. To
demonstrate this point, we show in figure 12 the bounds on the electron coupling and photon
coupling, d,(%)e and dg) respectively, as expected for DDM experiments with sensitivities
of 10718, and 1072, located at 400 km, 5000 km, and 23000 km above the surface of the
Earth. Below we survey some of the recent proposals with the potential to launch highly
sensitive DDM experiments into space.

The NASA Deep Space Atomic Clock (DSAC) mission has recently demonstrated a
microwave trapped ion clock based on Hg™ ions achieving a factor of 10 improvement over
previous space-based clocks [91]. The such clock was proposed for the auto-navigation
of spacecraft [92]. Cold atom microwave clock was demonstrated in space in [93]. The
ACES (Atomic Clock Ensemble in Space) mission [94] is planned to perform an absolute
measurement of the red-shift effect between the microwave PHARAO clock on-board the
International Space Station (ISS) and clocks on Earth, to improve such limit by an order
of magnitude.

The progress in the development of optical clocks has been extraordinary, with three
orders of magnitude improvement in uncertainty over the last 15 years [95]. Several optical
clocks have reached uncertainty at the 10718 level (see, e.g., [96]), with further improvements
expected as there is no apparent technical limit. Portable high-precision optical clocks
were also demonstrated [97], which is a prerequisite for space deployment. Various clock-
comparisons and clock-cavity comparison experiments are sensitive to dg), dffl)e, and dgi).
The applications of the different clock types of clocks and optical cavities for ULDM searches
were recently reviewed in [98].

Deployment of high-precision optical clocks in space will enable both practical and
fundamental applications, including tests of general relativity [83], DM searches [99],
gravitational wave detection in new wavelength ranges [100, 101], relativistic geodesy [102],
linking Earth optical clocks [103], and others. The roadmap for cold atom technologies in
space has been outlined in [104]. In the present work, we demonstrate another window of
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Figure 10. Allowed parameter space for the linear and quadratic electron coupling for masses of
me = 10713 eV (top), 10715 €V (bottom,).

opportunity to study ULDM with clocks in space, taking advantage of the space environments
that are drastically different from that of the Earth. Being away from the Earth’s surface
allows us to test the quadratic models described above. We used orbital parameters of
proposal [83] as an example in section 2.2.2. Ref. [83] describes a space mission concept
that would place a state-of-the-art optical atomic clock in an eccentric orbit around Earth.
The main mission goal is to test the gravitational red-shift, a classical test of general
relativity, with sensitivity 30,000 times beyond current limits by comparing clocks on Earth
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Figure 11. Allowed parameter space for the linear and quadratic gluon coupling for masses of
mey =107 eV (top), 10715 eV (bottom,).

and the spacecraft. A high stability laser link between the Earthbound and space clocks
is needed to connect the relative time, range, and velocity of the orbiting spacecraft to
Earthbound stations. In general relativity, the tick rate of time slows in the presence of
massive bodies, and locating one or more clocks in orbits around the Earth provides a
low-noise environment for tests of gravity. Sr high-precision optical atomic clock aboard
an Earth-orbiting space station (OACESS) [105] was proposed for DM searches, including
static or quasi-static apparent variations of m. with changing height above Earth’s surface
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and transient changes in the apparent value of o due to the passage of a relativistic scalar
wave from an intense burst of extraterrestrial origin. The goal of this pathfinder mission
is to compare the space-based high-precision optical atomic clock (OAC) with one or
more ultra-stable terrestrial OACs to search for space-time-dependent signatures of dark
scalar fields that manifest as anomalies in the relative frequencies of station-based and
ground-based clocks. The OACESS will serve as a pathfinder for dedicated missions (e.g.,
FOCOS described above [83]) to establish high-precision OAC as space-time references in
space. We used the orbital parameters of the International Space Station (~ 400 km above
the surface of the Earth) and FOCOS mission proposal [83] in figure 8 and figure 12.

A version of the such proposal with a state-of-the-art cavity will enable test the quadratic
models by also running a clock-cavity experiment as carried out in [64], sensitive to d(g)
coupling. We note that a time transfer link to Earth is not required for such an experiment.
The clock-comparison experiment in space involving a molecular clock will also be sensitive
to d,(gz Molecular clocks are projected to reach 1078 uncertainties [106].

In ref. [99], a clock-comparison satellite mission with two clocks onboard to the inner
reaches of the solar system was proposed to search for a DM halo bound to the Sun and to
look for the spatial variation of the fundamental constants associated with a change in the
gravitation potential. Various clock combinations were considered to provide sensitivities
to various couplings. This work showed that the projected sensitivity of space-based clocks
for the detection of Sun-bound DM halo exceeds the reach of Earth-based clocks by orders
of magnitude. This mission in its proposed form can be used to test the quadratic coupling
models. A DM halo bound to the Sun can drastically improve the experimental reach due
to much higher DM densities.

4 Theoretical challenges of models with quadratic couplings

In this section, we describe the theoretical issues related to theories with sizable quadratic
couplings. The first is the EFT expectation setting a hierarchy between the linear and
the quadratic couplings of a generic theory. The second is the naturalness problem caused
by the lightness of the scalar, as a desirable large scalar quadratic coupling is associated
with high corrections to the scalar mass. In section 5, we present the symmetry principles
that can give rise to a large hierarchy between linear and quadratic interactions, and in
section 6 we present a model in which in addition the scalar is kept dynamically light even
for detectable quadratic couplings.

Linear vs. quadratic EFT: Consider any naive dimension 4 (not necessarily of anoma-
lous dimension greater than 4) SM operator, Ogy. Since the action of the theory is
dimensionless, any coupling between the scalar DM field and this operator has to be sup-
pressed by some cutoff of the theory, denoted by A. For a linear coupling, we have only one
power of A suppression, %(’)SM, while for a quadratic coupling, we have two powers of A
suppression, %OSM. In the Wilsonian picture of RG, A is expected to be the largest scale
of the described system. As a result, we naively expect a large hierarchy between the linear
and quadratic interaction strength.
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d®
Figure 13. 1-loop correction to the new scalar mass in the —z* my@?h1p© model.

Naturalness: Consider the following interaction between the DM field and the SM
fermions,
a2

j;n; me¢2we g, PA = wewg s (41)

where 1), is the electron field. In a natural model, the quantum corrections to the mass of

Eint =

the light scalar, 5mi, are small compared to the classical bare mass parameter, mi The
simplest 1-loop diagram that contributes to 57713ﬁ is presented in figure 13. Given the above
electron coupling, the diagram gives the following mass correction

2
Sy oon o e ey (42)
¢ 1672 A2 VetV '

where m, is the electron mass, and Afy; is the effective cut-off of the loop in figure 13,
where new degrees of freedom are required to cancel the UV sensitivity of the scalar mass.
The requirement (Sm?'j < mé yields

2 mg

42 me

e

€ <A

[IAVAN (4.3)

For an ultra-light scalar, a measurable coupling of eq. (4.1) requires a very small cutoff of
the theory. For example, if we parameterize the experimental reach in terms of the effective
temporal variation of the electron mass dme/m., induced by the ULDM field ¢, we find that

3 1/2 1/2
2 2ppM 10718 > (PDM)
WS e S206V | SO ; (4.4)
W~ me (0me/me)P ((5me/me) b ng

where, p%M = 0.4GeV/(cm)? is the mean galactic DM energy density, similar to the one

)**P is defined as the experiment sensitivity

expected in our solar system [58], and (dme/me
to the variations of the electron mass. The relatively low cutoff of eq. (4.4) is theoretically
unfavorable, as it suggests that there exist some new fields with masses below 20eV that
are coupled to the SM fermions. The same analysis can be done for DM coupling to the

photons, the quarks and the gluons as well. The quarks couplings yield the following bound

a 2 PDM 10-% 12 PDM 12
uv mq \| (6mq/myg) P ((5mq/mq) p> (P%M> (45)

Due to the difference in the degree of divergence, the parametric form of the cut-offs for
the DM couplings to the photons and the gluons are different than that of eqs. (4.4)—(4.5).

~32 -



For the gluon coupling, we get

PDM PDM
s (st S0k () () o

The cutoff can be raised if the on-Earth DM density, which drives the oscillations
observed in terrestrial DDM searches, is enhanced compared to the mean galactic DM
density.? Note that while the parameterisation above can be easily applied to any DDM
experiment probing such oscillations, the effect of a DM density enhancement on the
experimental sensitivity is model-dependent and experiment-dependent. One should also
note that the, existence of new physics at the keV scale is constrained by various astrophysical
and cosmological considerations, which are subjected to recent critical investigations [107,
108]. A linear coupling between the DM and the SM may also possess a naturalness problem
for CP-even scalars. However, it could be protected due to the existence of accidental /non-
accidental symmetries, which are absent in the case of a quadratic coupling. In addition,
a CP-odd linear theory can be embedded in an axion-like theory, thus protected from a
fine-tuning problem, as explained in the following section.

5 Examples of technically-natural models of DM with quadratic
interactions

In this section, we survey a few models which yield a technically-natural hierarchy between
the linear ULDM coupling and the quadratic one, allowing the quadratic interactions to
dominate the phenomenology of the ULDM. We begin by addressing the symmetries
protecting these couplings in the agnostic EFT approach, identifying those that may retain
the linear couplings small in subsection 5.1. We then specify two models in which the
linear interactions are absent — a pseudo Nambu-Goldstone boson (pNGB) effective model
in subsection 5.2 and a UV-complete Higgs-portal model in subsection 5.3. Finally, in
subsection 5.4 we present two variations of the Clockwork framework in which the hierarchy
between the linear and the quadratic couplings can be ameliorated in a technically-natural
way. Although these models present theoretically-sound mechanisms for altering the naive
hierarchy between the strength of the quadratic and the linear interactions, a naturally
light scalar implies the quadratic interactions despite being dominant, are beyond the reach
of current and near future DDM searches. We present a possible solution to this issue in
section 6.

5.1 EFT perspective of the linear vs. the quadratic couplings

In this subsection, we analyze the effective interaction between the ¢ sector and the SM
without specifying a UV model. We consider the following three types of operators,

Lint (¢) = P Ogpt + A28, I3 + 62 Oy - (5.1)

Here we assume ¢ is a light pPNGB and thus a pseudo-scalar, while Ogp is taken to be a dimen-
sion four, CP-even operator, consist of SM fields only, such as Osy = F,, FF*Y, myp1)© ete,

3 A much higher density is allowed if the DM is forming a halo around the Earth [11, 56, 75].
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Table 5. Symmetry preserving and symmetry breaking operators.

g{\ﬁl = )yHy01) is the SM axial current. At this point, we ignore possible self coupling of ¢

and the possible interactions with some hidden sectors.

In general, we expect the linear ¢ couplings to dominate over the quadratic couplings
unless the quadratic ¢? couplings are protected by symmetry. In this context, we consider
three types of accidental symmetries that act non-trivially on the field ¢

Global D U(1)g x CP x 73 . (5.2)

The U(1)g symmetry is a non-linearly realized global U (1) group, which acts as a constant
shift for a pNGB, thus protecting the pNGB from acquiring a mass. Thus, the smallness of
the DM mass ¢ is protected by a shift symmetry,

Ulgp: ¢—o+a. (5.3)

Therefore, unless the SM is charged under the U(1)g group, both cit¢ Ogy and ¢3"*4¢2 Ogyy
breaks this symmetry. Moreover, we consider both C'P and Zg) to act similarly on the field
¢. CP is an external symmetry with well-defined transformation rules for the SM fields,
while the internal Zg) can be taken to affect only ¢. For example, we consider the action of
the discrete groups as follows

75 ¢ —9, (5.4)

while a general CP transformation in an arbitrary basis can be written as

CP: gb(tvf) = _(ZS (ta _f)
Oswm (t, %) — Ogy (t, =) (5.5)
Oudght (8, F) = =0, Jfy (1, —F) . (5.6)

Each operator in eq. (5.1) may break one or more of the global symmetries. We
summarize the symmetry breaking pattern in table 5. In principle, each symmetry can
be broken by a different sector. Thus, the naive expectation that the highly irrelevant
operators such as ¢? Ogy are less relevant than the linear ones does not hold. Moreover, the
Z¢ is considered a good approximate symmetry if the internal Z¢ is highly protected. Thus,
the quadratic coupling i.e. ci" <]§2 Oswm, can have the leading effect on the violation of EP
and/or oscillations of the fundamental constants. The difference between the quadratic
theory and a linear is emphasized through the analytic expressions of the EP constraints, as
shown in eq. (1.19) and eq. (1.17). As discussed below eq. (1.9), a quadratically coupled DM
induces fundamental constants oscillations at an angular frequency of w = 2my compare
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to that of the a linear coupling such as ci*¢Ogy (im0 gb A1) which yields fundamental
constant oscillations (spin precision) at an angular frequency of w = mg. In order to be
able to probe both the quadratic and the CP-even linear interaction in DDM experiments,
we must require that both the couplings are not suppressed compared to one another. This
criteria posses an apparent tuning problem from the perspective of a naive EFT analysis.
which can be ameliorated as shown in subsection 5.4.

5.2 A Simple pseudo-Goldstone model as a naturally ultra-light scalar DM
candidate

There are several ways to avoid the naturalness requirement of a small effective cutoff. One
of the most appealing solutions is to consider ¢ as a pNGB of some Spontaneous Symmetry
Breaking (SSB). In the non-linear sigma model description of the Goldstone interactions,
one must add an appropriate linear ¢ coupling, as well as other polynomial powers of ¢
interactions. The low energy theory of a spontaneous broken U(1)g symmetry can be
described by

Lepr = Ly + r? 5 O UTorU —m WUy + < a L UTOPUm Uy + ...+ he,  (5.7)

where U = ei%, 1 is some SM fermion with mass my, f is the scale at which U(1)g is
broken spontaneously, A 2 f is the cutoff of the theory, and the ellipsis represents higher
derivatives and/or higher dimensional irrelevant operators in the Lagrangian. As shown in
eq. (5.14), the last term of eq. (5.7) gives rise to a quadratic interaction between the SM
fermions and ¢. This derivative term arises naturally from the low-energy physics and does
not require an ad-hoc source in the UV. For example, consider a complex scalar field with
a U(1)sp preserving potential

V(®T®) = \p <<I>ch f;) (5.8)

This potential results in the SSB of the U(1)g symmetry. Therefore, at low energies,
expanding around the true vacuum of the theory, one finds a mass less Goldstone boson, ¢,
appearing as the phase of the complex scalar as

f+p i
e f
V2

where p is the radial mode of ® with mass m, ~ f. The above parameterization manifestly

o = (5.9)

provides an interaction between p and ¢, which arises from the kinetic term of ® as
. ¢ ¢
3/@;@#@ ~ GH (Me—lf> ) (fﬂ)elf)
V2 \/5

= L0t 50000+ S (f 4 ) D000, (5.10)

2 f 2
Thus, eq. (5.10) suggests that upon integrating out the radial mode, a coupling between
p and the SM will result in a low energy effective coupling between 0,,¢0"¢ and the SM.
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Going back to eq. (5.7) and expanding the exponent in terms of the small fluctuations of
¢/ f, one finds

Lorr > Lont 4 20,6006 —my (1462~ 9 o Y gue
EFT sM + 504 " 7 2f2

2
+ m%anﬂngaugbmd} (14—1? - 2¢f2—|— ) Y+ ...+ he.. (5.11)
The corrections to ém? ! from the quadratic ¢?¢1)¢ are exactly canceled by the corrections
from the other interactions. As already mentioned, this cancellation is guaranteed by the
shift symmetry of ¢, which is a non-linear realization of the original U(1)g symmetry. This
non-linearly U(1)s symmetry also forbids any potential of ¢ as well which is manifested in

a different basis. To see how it works, one can do an axial field redefinition as
it c i c
Y — e 27, Y& — e 27 Y, (5.12)
which yields the following effective Lagrangian

1 1
Lipr O Lon+ 50u0'0" ) — mygpy® — <0675 +

7 0u 0" dmy ) + ... +hee.,

(5.13)
where J = 1/_15”8Mw + 1/305”8u1/;6 is the axial current. Note that we ignored any anomalies

2f2

as these can be eliminated by an appropriate choice for the U(1)g charges of the other
fermions. Even in the absence of anomalies, the shift symmetry would be explicitly broken
by a soft mass term for ¢, related to its nature as a DM candidate. Therefore, by using
the EOM for ¢, one can replace, to leading order, 8,00 ¢ — migﬁz, yielding an interaction
term similar to the one in eq. (4.1)

2
nat w c m
Line = gz M@0 oty — A2f2

Az 72 2 my Py (5.14)

As expected, this implies that a natural d( ) ) coupling would be proportional to m? &> protecting
mg against radiative corrections.

The model presented above is usually discussed in the context of ALPs. As we are
interested in the (pseudo) scalar-electrons coupling, we note that it is strongly constrained
by stellar evolution consideration, as those couplings provide alternative channels for stellar
energy loss processes [109-111]. For instance, the most stringent bound on the pseudo-scalar
electron-Yukawa coupling, £ D ig? P pieyP e, is g? <3 x 10713 obtained from the evolution
of red giants [109]. This can be translated to a bound on the ALP decay constant as
f 2 2 x 10° GeV. The temporal oscillation of the mass of electron for an ALP decay
constant allowed by cosmological consideration can be written as

4
c 2 % 10°
OMe PN < o g7 (22 IGV - opu ) (5.15)
Me f f PDM

which for detection, requires unrealistically high precision from the current and the near
future DDM searches [43].
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Below, we present different types of light scalar models which do not generate a linear
axion-like interaction of the form %8M¢J !, or in which such linear interaction is suppressed,
and are thus significantly less constrained. In these models, ¢ mainly interacts with the SM
via its quadratic derivatives. These interactions can be naturally obtained from the kinetic
mixing between ¢ and its radial mode, as shown in eq. (5.10).

One example of such realization which leads to quadratic ¢ couplings without linear
couplings is to consider the Zg’ even coupling of a complex scalar field ® as

oiP
Lo_sm = Lov + 01 10,0 + V(0T0) 4 167TQT¢¢C , (5.16)

where 1), 9° are some SM fermionic fields with mass 1., A is the cut-off scale of the effective
interaction. As explained in section 4, imposing a U(1)g symmetry that acts solely on ®
ensures that ® may only couple to the SM through powers of ®T® Ogy; or higher derivative
powers, where OF,, is an operator contains the SM fields which is a singlet of all SM
symmetries.

Using eq. (5.10) and the last term of eq. (5.16), after integrating out the radial mode p
at energies below m,,, we get an effective interaction between 0,,¢0"¢ and the SM fermion
Y as,

1672

EEFT D) TW’L% 8H¢8“¢¢¢C (5.17)

We require that the effective cutoff would be the largest scale of the EFT, and thus
A Z Max [dnf,my] = A2 Max[m,,my] . (5.18)

Note that the interaction term between the ® sector and the SM explicitly breaks the chiral
symmetry and generates a correction to the SM fermion mass at the tree-level. Assuming
no fine cancellation against other contributions to the fermion mass, we require that the
correction to m,, from eq. (5.16) is smaller than the physical value found in experiments.
Thus,

167° f2 _ 1672 f2

a - A> . 5.19
My R 2y (5.19)

By the consistency of the Goldstone theory, where m, < 47 f, we obtain

2
A> o
N2m¢,

(5.20)

We note that if the radial mode p is lighter than 1, we expect eq. (5.18) to give a stronger
lower bound on A than eq. (5.20) as,

2

m
A > Max | —2- > . 5.21
2 aX[2m¢7mp7mw 2 My, (5.21)

However, as the strength of the ¢? interactions is inversely proportional to A, raising the
cut-off requires a higher experimental sensitivity to detect the temporal variation of m,,. If
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we parameterise the sensitivity of a DDM search experiment in terms of the variation of
the electron mass (0m./me), the maximal A such an experiment can probe is

—18 2
A<1Mev Y =5 0V (2 oM (5.22)
(dme/me) mp PBM
This translate to a bound on the mass of the radial mode, which has to satisfy
_ 1/2 1/2
10718 PDM
m, < 45eV . 5.23
o559 () (2 o

The characteristic sensitivity of (dm,/me)®P ~ 10718

, would allow probing models with p
as heavy as m, ~ 45 eV, saturating the requirement above and a corresponding maximal
cutoff of the same order. We note that an enhanced local DM density would allow DDM

searches to probe models with higher cut-offs and heavier radial modes accordingly.

5.3 The Higgs-portal model — an example of a UV complete theory with no
linear DM couplings

In this section, we provide an example of a specific renormalizable UV model that could
result in the effective low energy SM with additional interactions of the form of eq. (1.8).
We allow other even orders of derivatives of ¢, such as (8M¢8“¢)2 or L¢Ug, to be coupled
to the SM, but forbid linear derivative couplings. To achieve the desirable low energy EFT,
we extend the SM field content by introducing a new complex scalar field ®, which is a
singlet of the SM gauge group. We impose an additional U(1)g global symmetry, acting
only on the @ field, under which the SM fields are neutral.

The most general renormalizable model can be written as

Lyy = Ly + 9,001 — Ny ®TOHTH — V(07), (5.24)

where Ly denotes the usual SM Lagrangian, V (®1®) is the potential described in eq. (5.8)
and H is the SM Higgs doublet. We assume that the potential of ® induces a SSB of the
U(1)p symmetry, upon which the low energy description of the theory is given in terms of
the radial and compact modes of ®, presented in eq. (5.9). After the electroweak symmetry
breaking, the Higgs portal coupling induces an interaction between the ® sector and the
SM fermions through a mixing of the radial mode p with the physical Higgs singlet h as,

L-portal = —AaH (f\—/i—ip)Q (UH\/—g h>2 : (5.25)

After diagonalizing the mass matrix M, one obtains a h — p mixing angle of

. Aog vy f
Sin th ~ W . (526)
o

After integrating out p at energy below m,,, we obtain interactions between 0,¢0"¢ and the
light SM fermions as discussed before. In the limit of small mixing, we obtain the following
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Figure 14. A diagrammatic description of the effective operator in the low energy theory.

effective operator

_ sinbp, my " c Ao My " c
Lerr ~ Fmon Dup" PPy = (m% - m%) m2 g pyip®, (5.27)

which is shown diagrammatically in figure 14.

While this model is UV complete, it sets a very low upper bound on the mass of p. In
order for such a model to be detectable considering the current experimental sensitivity,
the mass of the radial mode would have to be m, < 10~° eV. While such a light invisible
scalar that couples to the Higgs makes this model less appealing, we consider it to be more
of a proof of concept rather than a conclusive case study. In the next subsection, we would
take a more agnostic approach, studying the low-energy behavior of the natural quadratic
coupling without specifying a UV completion.

5.4 The clockwork mechanism — an example of a tunable hierarchy between
linear and quadratic couplings

In the previous section 5.1, we introduced a general EFT approach to linear and quadratic
couplings between the DM ¢ and some CP-even SM operators such as Ogn = F,, FH*Y, my)p1p©
etc. We argued that different operators might break/preserve different approximate symme-
tries. Therefore, there could be, in principle, a large hierarchy between the dimensionless
coefficient of different types of operators. For example, in some models, we expect the linear
¢ couplings to be suppressed and the quadratic couplings of ¢? to the SM to dominate the
physical effects on the induced forces and potential, even though their naive dimension is
higher than the linear couplings.

In this section, we provide two examples where the suppression of the linear couplings is
based on symmetry principles. The examples are based on Clockwork framework [112, 113],
and the suppression is due to the existence of a large hierarchy between the effective
periodicity, F', compare to the smaller periodicity f, which is the dynamical scale of a
spontaneous symmetry breaking. A detailed description of the Clockwork model can be
found in appendix D.

In the Clockwork model, the remaining U(1)gniry symmetry, which keeps the DM mass
small, is identified with the remaining U(1) 4 of the N+1 Clockwork model, as shown in
eq. (D.8) where N is the number of Clockwork sites. Note that in the limit of exact U(1)gpis
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symmetry, ¢ is mass-less. In order to achieve suppression of the linear ¢ couplings, we
assign small charges to the SM fermions, i.e., [¢)] ~ O(1), such that the leading symmetry
preserving interaction is on the last Clockwork site,

int

: P
Eleadmg 5 CNTNLHEC + Vmixing (CI)N, H) + h.c., (5.28)

where L are the left-handed SU(2) doublet SM Lepton fields, while E¢ are the left-handed
SU(2) singlet SM Lepton fields. We assume that Vinixing (®n, H) breaks CP spontaneously
by some parameter fcp < 1, which is defined as the CP mixing angle between the Clockwork
and the Higgs CP eigenstates:

(;5 = COS chgf; + sin gcpil s (5.29)
h = —sinOcpd + cosOcph . (5.30)

Vnixing (®n, H) can give rise to both CP-even and CP-odd interactions between ¢ and the
SM fields.

At low energies, we can integrate out the heavy modes of the Clockwork and obtain an
effective Lagrangian of the pNGB which is identified as the ULDM field,

)
F’

a3
leadi fer
pleading o T ET b 4 Vinteing (

A H) +h.c., (5.31)

where ¢y is some O(1) coefficient. As a result, the derivative coupling of ¢, of the form
%%mw [QE&’% — ¢C6“wc}, is highly suppressed by F = 3V f.
The higher dimensional operator

dld,
,C}i% D¢y 10\2 m¢1/)1,bc + h.c., (5.32)
gives rise to a quadratic coupling that is only suppressed by f, not F. ¢ is some O(1)
coefficient. After integrating out the heavy Clockwork radial modes, from eq. (5.32)
we obtain,

1 C
LEFT- int O COW@@@% my P . (5.33)

Since F' = 3N f, is just an artifact scale of the Clockwork model, it can be larger than the
cutoff scale, A 2 f. Thus, we achieve a hierarchy between the linear and the quadratic
(dimensionless) couplings.

Moreover, adding the both the interactions of eq. (5.28) and eq. (5.32) leads to a
collective breaking of the U(1),,q
potential generated for this pNGB. The 1-loop Coleman-Weinberg (CW) effective potential

symmetry. As a result, one can write the effective

of ¢ can be written as,

(-1
6472

T
Vew (0) = G [ 2011 6000 (042 + (1 (030 ) 1 MO o

In the equation above, Tr is performed over all field degrees of freedom, (—1)]: is +1 for
bosons and —1 for fermions. The momentum cutoff A., is taken to be of the order of the
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radial mode mass, which is of O(f). Thus, at the leading order the effective potential of ¢
can be approximately written as

2 r3
V(¢) = —cocn fgiQfA cos (?) : (5.35)

The induced DM potential of eq. (5.35) generates a contribution to the DM mass of

2 3

my ~ COCNIZZ?JCAZ«}? . (5.36)
Therefore, if eq. (5.35) is the only source of the DM mass, the quadratic interaction will
also be suppressed by 1/F?, and similar to the linear interaction. Therefore, we require
that there is an additional source of the DM mass, mi which is not suppressed by 1/F2.

Another way to employ the Clockwork mechanism is one where the shift symmetry is
broken at the two ends of the Clockwork chain i.e. at the first site, at ®g, and at the last
site, at . We assume two different Zs symmetries are conserved in each site, such that
the Lagrangian of these U(1)ock breaking sectors can be written as,

. Hr — bl Py + D]
clns = oy PPN ey 20 P e (531)

Therefore, the effective Lagrangian of the pNGB takes the form of

eadin fSiIl % fCOS ¢
L oetioe = CNA<F)mw1/}C + coA<f)mwwc. (5.38)

Assuming the clockwork potential is dominated by a backreaction potential which has a
minimum near ¢ ~ 0, one can expand the trigonometric functions to achieve the desired
hierarchy between the linear coupling and the quadratic coupling, relatively suppressed by
f/F <1, as

eadin, c c C c
cloatng o N gy e Aoy’ (5.39)

6 Sensible models of light scalars with large quadratic couplings

As mentioned in previous sections, we are interested in keeping the scalar naturally light,
while also maintaining its quadratic interactions within experimental reach. This should be
achieved in conjunction to ensuring that the linear scalar interactions are suppressed. In this
section we shall consider two main constructions that realize such a scenario. We begin by
briefly reviewing the idea presented in [40], which involves a QCD axion with a Z  symmetry
acting on N copies of the SM. We then move to describe a realization of the relaxed-relaxion
idea [36], that shows that relaxion models may yield naively unnaturally-large couplings for
a light relaxion.
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6.1 Quadratic interactions of the naturally light 75 QCD-axion

It is interesting to note that there is a class of models that naturally leads to sizeable
quadratic interactions between the ULDM and the SM field, with no corresponding linear
scalar coupling. This is precisely the effective theory of a certain kind of a naturally light
QCD-axion model, where the axion mass is suppressed relative to the conventional models
due to the presence of N copies of the SM, which furnish a Zy symmetry [40, 41]. In this
class of models, while the axion couplings to the SM fields (our SM) follow the conventional
models, the axion mass is suppressed by an additional factor of 2V, with z = m, /mgq ~ 1/2
given by the up to down quark mass ratio. Furthermore, as was demonstrated in [42], while
at linear order, the axion couplings to the SM fields are only to pseudo-scalar operators
(thus preserving parity), the axion also possesses quadratic couplings to the hadrons. This
leads to exciting phenomenology as the QCD axion can be searched for in experiments that
consider the variation of coupling constants instead of the conventional QQCD-axion searches
(see e.g. [2]). For more information, we refer the reader to [42].

6.2 Quadratic interactions of a light relaxed-relaxion

Another possibility to ameliorate the naturalness bound for a light scalar is by relaxing its
mass in a dynamical way [11, 36]. Dynamical relaxation of a light scalar is discussed in the
context of the relaxion mechanism [31], where the light scalar field scans the Higgs mass
parameter starting from some high cut-off down to its measured value. As discussed [36],
due to the small incremental change of the Higgs VEV as a function of the scalar field value,
the scalar stops at a shallow part of its potential and the stopping point (in the field space)
is very close to ¢/f ~ m/2. As a result of the shallowness of the scalar’s potential, its mass
is suppressed compare to the naive expected value, however the interaction strength with
the Higgs/SM is not. Thus for low energy observers, the scalar appears to be unnatural
although the relaxion mechanism is constructed in a technically-natural way.

Below we use a similar idea in order to suppress the mass of the ULDM field, while
maintaining its quadratic interactions observable and suppressing its linear interactions
with the SM. To achieve that we relax the mass of a hidden sector Higgs, H, from some
cut-off A to its true VEV 9, and invoke an interaction of the scalar with the SM as given
in eq. (6.1).

6.2.1 Interaction with the SM
We assume that the field ¢ is coupled to the light SM matter as?

Ling D —sin (jf) > gwmww%%FWF“H%GWGWH.C. . (6.1)
Y=e,u,d

which can be obtained by demanding that the UV completion of this sector includes a linear

complex field & = (p + f)exp (z%), and respects a version of charge conjugation under

“In principle there could be some renormalizable portal interaction between the SM Higgs and H. Thus
through the mixing with the hidden Higgs, ¢ will also have some interaction with the SM. However we
consider the strength of such portal interaction to be small and thus this contribution is negligible.
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Figure 15. Feynman diagrams for generating Coleman Weinberg for ¢ at 1-loop order coming from
eq. (6.1).

which ® — —®*. At leading order, eq. (6.1) generates a quadratic coupling to the light
matter in a technically natural way. We can calculate the 1-loop potential of ¢, generated
by the diagrams presented in figure 15, similarly to eq. (5.34), as

h=e,u,d A=7,9

V(¢) ~ # [ Z 294y miAgut {sin (?)—l—gw sin? (?) + Z g¢AA§ut sin (?)] ,

(6.2)

where Acyg 2 me is the momentum cut-off of the loop. The overall potential for ¢ can be
written as,

V(6 H) = —gA% + (A2 — gA$ — b, cos ?) AP+ |

1 91 ¢
+ 872 Z gwmiA?ut sin 7 + 1622 Z 9¢>AA§ut sin 7 (6.3)
w:evuyd A:'y,g

H belongs to a new hidden sector whose mass is being relaxed from some cut-off A to its
true vacuum expectation value 0 = <ﬁ >, g is small theory parameter and pp, < 0 is the
scale of the cosine potential (for more details of this kind of construction see e.g. [31, 36]).

To achieve a successful relaxation of the mass parameter of H, we require
9 2~ L 2 A2
Hpr¥™ @ oap My Ny - (64)

Minimizing eq. (6.3) with respect to both H and ¢, and using the above constraint, we find
the field stopping point as

2 A2
Po T Hor  Iow ™y Meur | pibr

f 2 292 8m2pd 02 A

- 67r/2 ) (65)

oy

where 0, /o < 1 is defined as the deviation from 7/2. As explained in [36], we obtain the
mass of the light scalar ¢ as,

2 52 2 a2
2 ~ /’Lbrv /"LbI‘ _ lu’brv 6
m¢ ~ —_— = s

oA f?

which is suppressed compare to the naive expected value of m

(6.6)

2

naive ~ M2/ f? by a small
parameter defined as § = pup,/A < 1. This suppression is a result of the flatness of the
effective potential of ¢, which characterizes the first point at which the derivative of the
backreaction potential, mainly controlled by a periodic function of ¢ with a slowly rising

amplitude, balances out the constant derivative of the UV term.
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Expanding eq. (6.1) around the stopping point of ¢ gives rise to linear and quadratic
couplings of ¢ to the SM as

62 2
ﬁint D — Z g¢¢m¢¢z/}c <1 — % — 2¢f2 — 5%/2?)

w:e7u’d

oy uv 9og nv 572T/ 2 ¢2 ¢
Moreover, for a valid weakly coupled theory, we require

5M¢ S My ie Gap S (1) 5 (68)
5@(5) S Oé(s) i.e. gqﬁ’y(g) g O(l) .

Combining eq. (6.4) and eq. (6.9) we get

o 3,02
< Min |1,87% =5 | | 6.10
2 52
. M, 0
9én(g) < Min [1,473';{4 ] : (6.11)

6.2.2 Relaxation of the cutoff

jus

Consider a model where the field stopping point is not near ¢o/f ~ 7 as in eq. (6.5), but a
naive order one stopping point,

<(?c())Naive ~OW). (6.12)

For simplicity, let us focus on the quadratic coupling of ¢ to the electron

¢2

LD gpe—s Mme €. (6.13)
Given the naive stopping point, this interaction leads to a quadratic contribution to the
scalar mass as

2 o A7 4

(5m¢)Naive - g¢€ Me 877-2]('2 ’ (61 )

where A, is the cut-off of the electron loop. In addition, if the scalar field ¢ accounts for
the DM in the present universe, it acquires a time-dependent background value. Thus, the
same coupling would induce temporal variations of the mass of the electron as

0me PDM
t) ~ gpe—o—s - 1
(0= g 0 (6.15)

We then obtain a simple relation between the variation of the fundamental constant and
the correction to the mass of ¢

om m2m2 A2
2 o e e ¢ te
(5m¢)Naive o ( Me ) (t) % PDM 871'2 ' (616)
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Without the relaxed relaxion dynamics, a theory involving such interactions can only be
natural if

om, A2 P
2 < 2 e e « PDM 1
(5m¢)wve Smy= LW x g5 ST (6.17)
Thus, naively, theories of natural light scalars generating observable variations of constants
of nature would imply new physics should appear at relatively low scales as

1/2 18 1/2

1

Ao <306V [ 2RM T (6.18)
P%M (5me/me) P

In light of this consideration, we can determine whether a theory described by eq. (6.3) is
natural or unnatural, by quantifying by how much the cut-off of the theory is being relaxed
away from the naive estimation above.

In the relaxed scenario, the 1-loop order corrections to the mass of ¢ are already taken
into account via the effective potential in eq. (6.3), yielding the stopping point given in
eq. (6.5), and the suppressed mass in eq. (6.6). Therefore, naturalness does not require
that these 1-loop corrections are kept smaller than mg4. However, for the relaxation to be
successful (both of the mass of H and of the mass of ¢), we must require that the coupling
of ¢ to the SM does not overcome the derivative of the H-dependent potential of ¢ at the
first stopping point. This requirement is expressed in eq. (6.4), and can be re-expressed as

2 A2 2 ~2
Gpe M Ae < MV

S S T (6.19)
or
mg,
(5mi)Naive 5 7 ’ (620)

which is less restrictive than the naive requirement in eq. (6.17) since § < 1. Consequently,
the phenomenological effects associated with the coupling of ¢ to the SM may be enhanced,
without significantly altering the mass of the scalar. Namely, the cut-off scale of such a
theory A, including a light scalar and observable quadratic interactions with the SM, is
relaxed by a factor of 1/v/§ with respect to the naive prediction of eq. (6.18).

6.2.3 A large hierarchy between the linear and quadratic coupling due to the
Relaxed Relaxion mechanism

A large hierarchy between the effective linear and quadratic couplings of ¢ can be simply

parameterize in terms of the deviation of the scalar’s stopping point from 7, denoted by

dz /2. The different scaling between the dimensionless linear and quadratic couplings is

Clinear ™~ Jg(,A) X Or /2, while  cquadratic ~ 9g(,4) - (6.21)

In our natural theory we consider gy, 4y ~ O (1). Moreover, we wish to have natural values
of the scaled couplings, which gives new bounds that are absent if only either the linear or
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the quadratic coupling were to be turned on. For example, in order to match the observed
bound of dg) ~ 10", one must require that

e

2 2
O(1) ~ 2 =d? x % ~ GﬁVQ x 1072 = f~3x 10" GeV, (6.22)
pl

in order to get O(1) coupling. This, in turn, sets the value of the relaxion dynamical scale,

f. For the linear coupling, matching the observed bound on d%l ~ 1073 translates to

w0710 5/ (6.23)

() — g
(= e pl

which sets the value of ¢, /5. Assuming no cancellation between the different terms con-
tributing to d /o, we get the following constraints:

Hor < 10~10 (6.24)

The first two constraints from eq. (6.24) can be easily satisfied by constructing p,, < 0, A.
The last constraint from eq. (6.24) can also be achieved. However, it suggests that it is
more likely to see an effect of both linear and quadratic couplings to light SM matter.

An example of the allowed parameter space for this model, including the theoretical
considerations above as well as the experimental bounds, is presented in figure 16 for a
fixed f = 109 = 10" GeV and a cutoff of A, = 10 MeV. We plot both the bounds on the
quadratic coupling and on the linear coupling (for a generic O (1) stopping point and for
the relaxed-relaxion mechanism) separately, however, since they are not independent in this
model, the bound should be drawn from satisfying these constraints simultaneously (shaded
lilac region of figure 16). This yields non-trivial constraints both due to the interdependence
of these couplings in this model, making it impossible to turn off the quadratic coupling
without turning off the linear coupling as well, and also taking into account the non-linear
effects discussed in subsection 3.1. Note that the EP constraints involving the quadratic
coupling strongly depend on the radius of the source Rc and on the distance from the
center of the source . Our bounds are calculated assuming Ro = r = Rg for E6t-Wash
Be/Ti [61] and Rc = Rg ,7 = Rg, + 700 km for MICROSCOPE [63], with Rg being the
radius of the Earth. Although we have focused on the electron coupling g4., the same
analysis can be easily extended to other couplings between ¢ and the SM fields, such as

9oy Yu(d) and Gog-

7 Conclusions

In this work, we considered a special class of spin-0 ultralight dark matter (ULDM) models.
In this class, the dominant operators describing the interactions between the ULDM field
¢ and the Standard Model (SM) are quadratic in the ULDM field, namely, of the form
$?Ognm where Ogy composed of SM fields.
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Figure 16. The allowed parameter space of an ULDM relaxed-relaxion inspired model with
f=A=100=10"GeV, and A, = 10 MeV. Blue-bounds on a model with only the suppressed
linear coupling given, purple-bounds on a model with only the quadratic coupling, light blue-bounds
on a model with a naive linear coupling, lilac-bounds given by the combination of the quadratic
coupling and the suppressed linear coupling. Pink-the critical coupling for the quadratic interactions.
Black-the region in which there is no relaxation of the mass parameter of H , gray-region in which
the ULDM amplitude is greater than f.

A dominant quadratic interaction between the ULDM field and the SM poses two
problems to a quantum field theory. First, naive Effective Field Theory (EFT) power
counting suggests that linear ULDM couplings would dominate over the quadratic couplings,
as the former are associated with effective operators of lower mass-dimensions. Second,
generic quadratic interactions generate a large additive contribution to the mass of the
ULDM, thus resulting in a naturalness problem. We discussed theoretical constructs in
which these challenges are ameliorated. First, we presented technically-natural models
where the dominant interaction between the ULDM and the SM is in fact quadratic with
the ULDM field, and the linear (scalar) coupling is either absent or suppressed. Second,
with a Zny QCD axion model and a relaxed-relaxion inspired framework, we demonstrated
that a large quadratic coupling and a parametrically smaller mass can be achieved naturally.

We have also studied the phenomenology of this class of models, considering various
terrestrial and space-based existing and near future experimental probes. Finally, we
considered the interplay between indirect searches for the ULDM field, related to tests of
the violation of the Equivalence Principle (EP) and the existence of the fifth-force, and the
direct searches associated with temporal oscillations of the fundamental constants of nature.
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A The Equation of Motion (EOM) of Dark Matter (DM) for linearly
coupled model

Let us consider a linearly coupled CP-even scalar Dark Matter (DM) with the SM described
by eq. (1.2). The Equation of Motion (EOM) for the DM field ¢ can be written as,

82
(8752 -V-V+ mé) ¢ = Jsource (T) ’ (Al)
QCdV . . .
where Jsource (1) = — S pPC (r) is coming because of the presence of a source term with

density pc and dilatonic QZC are the dilatonic charges for the body C, corresponding to
the i-th fundamental constant (and corresponding coupling). We consider a homogeneous
spherically symmetric source satisfies

pe (r) = { e (A.2)
0 r > Ro,

where Mo and R¢ are the mass and the radius of the body C. The solution to the EOM
for the scalar field ¢, in the presence of a homogeneous spherical source, is

o g
_ Qz dz T

Mo
m¢r A
L L (mgRo) S C e (A3)

T

b (1,) = o cos (mgt + )
where the function [ (x) is given by

- x cosh x — sinh x 1 <1

I(z)=3 = { . (A4)

3
z 5 o> 1,

and ¢g = \/2ppm/me, and ¢ is a random phase of the DM background. ppy is the local
DM density. The sensitivity of EP tests can be written as (eq. (1.17) in the main text)

-

o liae —apel (@AY - QFdY) VVe ()]

T =G oY apol Ghe
~ QEd (QdV — QPN )emmer. (A.5)
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Having a time-varying background field, as in eq. (A.3), induces a small temporal
dependence of fundamental constants which can be probed by Direct Dark Matter (DDM)
searches. In DDM searches, we compare two systems (say A and B) with sensitivity

A/B

coefficients ;" corresponding to the i-th fundamental constant. The sensitivity of the

DDM searches can be written as (eq. (1.18) in the main text)

Y ()| AwidY
oo = | Y( LpN %0 cos (mgt +9) (A.6)

where Ak; = k — kP is the difference of the sensitivity coefficients of a specific transition.

B The EOM of a quadratically coupled DM model
The EOM for the DM field in the quadratic model, described by eq. (1.8), is

8? ,
<W—V'V+m¢(r)>¢:0, (B.1)

c4(2)
where we define mi (r) = mi + Q]i\;éi pc (r). We also replace the SM matter fields, with
Pl

the background source density, pc (r), in the presence of a spherically homogeneous source
as described in eq. (A.2).
The EOM yields a solution outside the source body of the form

 (t:3) =y cos (myt +6) [1 51 T

r

In the above equation, C' stands for the source body with

GM¢
se [0 = QF P T (v S ) ’ )

where the function Jsign[ 421 (x) is defined in [37] as

— tanh t —
Ji(z) = g2 T BIAY nd J_(z) = e

3

(B.4)

3

Note that, we consider the case where all the couplings are positive i.e. sign[diz)] > 0. Also,
G and Mp can be used interchangeably with 87G = 1/M3, .

B.1 The criticality of quadratic couplings

As seen from the solution of eq. (B.2), for very large positive values of the coupling coefficient,
dEQ)Q?GTA? > 1, J4(z) can be approximated as

. 33 1
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(2 )[d@)]

In the large coupling limit, s can be written as

@ - Bo [ |4
Sc [dz ] - GMe (1 d(2) ) (Bﬁ)
where we define dS"* = R /(3QY GM¢). For sub critical values of the coupling coefficient
dEQ)QiCGR—]\Z[” <1, Ji(z) 14+ O (2?), and sc[ ] ch . Therefore, the solution of the

EOM, eq. (B.2), can be written as

{ — RTC (1 — fg;)] for d§2) > dSrit
¢ (t,z) > ¢gcos (myt + 0) {
1—

7

d(.2> ) .
chd] for di”) < dgrit

The motion of a test mass can be derived from the geodesic path [37]:

dxt dzv
= [armo) - -5 (B3)

where T stands for a test-particle. From eq. (B.8) we can derive the geodesic path of a test
particle as,

QCa?
7 2
2
2Mpg,
Let us denote two different test bodies by A and B. The EP test, measure the contribution
to the violation of the universal free fall from purely gravity theory. The sensitivity of EP

tests, which essentially gives the upper bound on the couplings, is then given by (eq. (1.19)
in the main text)

6 |Vo+ 1] . (B.9)

’C_iT’ ~ ‘6Gravity’ -

M,
EP — ’va c—VVsel _ s2d?) (AQ)P d] %2 {1 — 52 ¢ C} : (B.10)
]VVA c+VVs ol 2Mpy "

A
where (AQ)%” (QA QJB).
The DDM sensitivity in terms of the quadratic couplings is given by

yPPM oY) Aridy? 42 [
Y M,

M, 2
- 39% X cs?, (B.11)

where Ax; = k!

— /{f is the difference of the sensitivity coefficients of a specific transition
(see e.g. [43] and refs. therein), and we have defined cs? = cos® (myt + ).
Using eq. (B.7), we can write the DDM sensitivity at the surface of the central body,

in the small coupling limit dZ(Q) < d§Tt ) as

(2) 72
o N

(2) it ~ 2
(di <<d19“t,r,RC) MPl
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and in the large coupling limit, dl(-Q) > dSt) as

RC d;;rit
1= |2
r d§2)

Ar dsrit Ar\?
crlt ( ) ) (2) 2

2

o

d®
DDM‘ Akid;
<d§2)>>dgrit,ch) Mgl

Am
M2

o

Here we have defined Ar = r — R.. On the surface of the spherical body, where % < 1, the
(2)

d( ) > dit, the change in fundamental constants becomes independent on d;

Therefore, above criticality,

(2)

first term of eq. (B.13) does not depend on the coupling d;
and cannot
be translated to bound on the couplings.

C EP bounds from the classical solution vs quantum corrections in a

quadratic theory

The background value of the quadratically coupled DM field, which was discussed in
section B and in the main text, yields some variations in the acceleration of a test particle.
The changes in the acceleration can be approximated by

AaClassical ~ ¢ V¢+17¢ ’
| " [vo+ 4]
4 % ()GMC{ B (2>GMC}
QZ Mgl 3 1—s4 " , (C.1)

where Q{‘ is the dilatonic charge of the test body. As discussed before, for relatively large

2)

couplings, d;” > détit eq. (C.1) can be approximated by,

Qo e e

CME e R with Ar=r—R.. (C.2)

’A Classical A ¢(2) RC |:AT ]

Thus, for distances r ~ R, there exists a suppression of the classics potential. € < 1 is

higher order the sub-leading corrections of O((Ar)?,1/dS it/ dz@). If we consider an electron
as the test body, the above formula can be simplified to,

2 95 Re
e My

~

’ A aClassical

AT:|
— + €.

i (C.3)

We can compare the classical effect to the quantum corrections from a ¢? exchange. The
quantum potential calculated in the non relativistic limit, Myoqy > |q|, where Myoqgy is the
mass of the test particle, while |q| is the momentum transfer by the interaction/potential.
In the Born approximation, the scattering amplitude in the non-relativistic limit, can be

mapped to the potential by

M = (pliTlp) = iV (q) 275 (Ep — Ey) | (C.4)

~ 51 —



Figure 17. 1-loop Feynman diagrams that generates the non relativistic potential.

where iM is the scattering amplitude from a state with momentum p to a state with
momentum p’, and V (q) is the non-relativistic potential in 3d-momentum space. Assuming
conservation of spin and other quantum numbers, the non-relativistic amplitude can be
approximated as

iM = —4m?G (p — ) (C.5)

where G (p — p') is the value of amputated diagram. In our ¢? coupling scenario, the leading
diagrams are 1-loop order, as in figure 17.

Performing a contour integral to evaluate the integral over |q| in the complex plane
yields the potential between an electron and a heavy central body,

(2)y2HC —2mgr
(dme) QmemeMC VMee m¢r >> 1

d3q iq-x T T (2M2,)26473r2
V (I') = - / WGI—ZOOP (q) elq == (d(g) )SIQ)C TZFTMC \/F (CG)
T T A mgr < 1.

—2mgr

In the limit mgr > 1, the potential is exponentially suppressed by e and )@7;’, and
thus negligible. We can also show that in the other limit i.e. mgr < 1, the quantum
potential is also negligible compare to the classical one. To see this, one can compare the
accelerations from quantum and classical effects. The acceleration from quantum effect can

be written as,

(2)y2HC
Comparing eq. (C.3) to eq. (C.7) and using ¢9 = /2ppm/me we find
. AgClassical N 5127 ppmM2, Re r {Ar}
mer<1 | AgQuantum 3d£223@7(;‘£e mi Mc¢ R.
~ 107 {AT] (1014 eV)2 (PDM) , (C.8)
R, Mg ng

where, we take r ~ R¢, and use the Earth as the source body with Qn(’;e ~ 2.7 x 1074
For the coupling, we use the current bound of d,(%)e ~ 10" at the considered mass as
shown in figure 2. Thus, even if one is very close to the surface of the central body (very
close to the surface of the Earth), the classical effects are still dominating compare to the
quantum ones. This is expected from the classical behavior of the scalar field, with a large

occupation number.
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D The clockwork model

Consider N + 1 complex scalar fields, ®g to ®,, where each field represents a site on a
lattice in the theory (field) space. The potential of these uncoupled sites is

N
Vioae (8;1) = 3 (—m?q>§ O; + \; |0l ®;

1=0

2
) . (D.1)
For simplicity, we consider the case where all couplings at different sites scale the same, i.e.

Vi: mie~m?>0, Ai = AL (D.2)

i —

Small deviation from the above alignment will have a negligible effect on the following
analysis.
The clockwork potential has a U (1)N4rl global symmetry which is broken spontaneously

by N +1 vacuum expectation values (VEVs) of the complex scalar fields, (®;) = % =/ ?—i
In addition to the above potential, we explicitly break the global U (1)NJr1 symmetry to a
single U(1), by connecting neighboring sites through a small parameter, |e| < 1,

N-1

AVetoac ({0}) = = 3 (e@l@d,, +he.) . (D.3)
7=0

Expanding all the scalars around their VEVs,
1 o
‘I’j:\ﬁ(erpj)Uj» U =™/t
and taking the limit € < A ~ 1, such that the radial modes can be decoupled, we get the
following potential for the compact degrees of freedom,
R

> Z coS (37Tj+}_ Wj) .

=0

AVelock ({77]}) = -

The above potential respects a U(1) symmetry under which the fields, ®g, ®; ... Py, have

charges Q = 1, % ceey 3%\, The potential induces a mass matrix of the N 4+ 1 pseudo

Nambu-Goldstone boson (pNGB)s,

1 =30 --- 0
-310 -3 --- 0
210 =310 --- 0
M) = e~
(7r) 62 . . - .
10 —3
0 0 0 ---—332

The matrix M(Qﬂ) becomes diagonal in the field basis ¢; (j =0, ..., N), related to the basis
mj by areal (N 4+ 1) x (N + 1) orthogonal matrix O,

m=00¢, OTMzO:diag(mio,...,méN) )
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The eigenvalues of the mass matrix are given by
2
? )

miO:O, mik:)\ke ]ﬁ:]_7”‘7]\/v7 (D4)

A =10 — 6 cos (D.5)

™
N+1°
The projection of the pNGB 7, into the scalars in the mass basis ¢y, are given by the
elements of the rotation matrix,

Mo kT . U+ k71':|

. J
Oj0=§, Ojr = Ng [3smN+1 sin =T

[ 9-1 _ 2

As expected by the breaking of [U(1)]¥™ — U(1), there are N massive scalars
ok, (k=1,...,N), and a single mass-less Goldstone whose wave function is exponen-

j=0,....,N; k=1,....N

No

tially peaked on the first site,
N1
d=do=No ) ;. (D.7)
j=0
For N > 1 the normalization constant is No(IV) & 1/8/9. The overlap between the mass-less
eigenstate ¢ and the site j is (m;|¢) ~ 1/37. Under the spontaneously broken U(1)
symmetry, ¢ and the other compact fields transform as follows,

clock

1
U(1) ij—>7rj+§fa,

o= o+ fa, (D.8)

clock -

where « € {O, 2 x 3N } Introducing an explicit breaking of the global U(1),.. at the site

4§ would generate a potential for ¢ with periodicity of order 37 f. Therefore, by placing the
backreaction sector at the 0 site and the rolling sector at the N*® site, we obtain the
desired hierarchy between the periodicities, F/f ~ 3.
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