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ABSTRACT: The dilaton, a pseudo-Nambu-Goldstone boson (pNGB) of broken scale invariance,
is an appealing ultralight dark matter (DM) candidate. Its mass is protected by conformal
invariance and it can be searched for in tabletop experiments. However, contrary to standard
pPNGBs of internal symmetries, the dilaton generically has a large non-derivative self-coupling,
leading to radiative contributions to its mass of the order of its decay constant. Hence typical
ultralight dilatons should also have sub-eV decay constants, which would incur significant
deviations from standard DM behavior at structure formation times, in severe tension with
observations. Therefore, a fine-tuning is required to generate a hierarchy between the mass and
the decay constant. In this work, we consider whether supersymmetry (SUSY) can be used to
protect this hierarchy from quantum corrections. To ensure an ultralight dilaton mass robust
against realistic SUSY-breaking contributions, we must consider a novel dilaton stabilization
mechanism. The observed DM abundance can be produced by the misalignment mechanism
for dilaton masses ranging from 10~!! to 1eV. Unfortunately, irreducible SUSY-breaking
corrections due to gravity restrict the couplings between the dilaton and the Standard Model
to be extremely small, beyond the reach of any current or proposed experiments. Our work
demonstrates that constructing a consistent model of ultralight dilaton DM is quite involved.
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1 Introduction

Most of the matter in the Universe consists of dark matter (DM), a cold and collisionless
fluid. So far, it has only been observed indirectly through its gravitational interactions with
the Standard Model (SM) particles; its microscopic nature, including whether it has any
nongravitational interactions with the SM, remains unknown. Among the many possible DM
models, ultralight dark matter (ULDM) — DM lighter than O(eV) — has attracted a lot of
attention in recent years. This is because the number density of ULDM is large, such that it
behaves as a classical field, and its wave nature enables new detection strategies as well as
rich astrophysical and cosmological phenomena; see [1-3] for reviews.

Theoretical models of ultralight dark matter should be able to explain two main properties.
The first is the smallness of the ULDM mass, which is generically sensitive to radiative
corrections that could spoil its lightness. The second is the observed DM relic abundance,
which must be generated by a nonthermal production mechanism since the mass is below



the warm DM bound. The axion/axion-like particle (ALP) [4] and the dark photon [5, 6]
are the only well-established ULDM candidates with both of these properties.

Alternatively, one can consider a generic scalar as ULDM, with a feeble linear coupling
to the SM. However, any sizable couplings between it and the SM would generate large
radiative corrections to its mass. Thus, one is forced to either fine-tune the ULDM mass,
or to consider very feeble couplings that are difficult to probe experimentally. To bypass
this issue, theories where the ULDM is a pseudo-Nambu-Goldstone boson (pNGB) have
been proposed, where an approximate symmetry protects the mass whilst allowing for large
couplings to the SM; see [7-9] for studies following this direction.

An appealing proposal is to consider the case where the ULDM is a dilaton, the pNGB of
spontaneously broken scale invariance [5, 10-13]. The scaling symmetry protects the mass of
the dilaton because it universally couples to the trace of the stress-energy tensor, resulting in
a tiny mass correction of order Hy ~ 10733 eV. However, unlike pNGBs of internal symmetries
(e.g. the QCD axion), the mass of the dilaton m,, is generically of the same order (up to a loop
factor) as the decay constant f, the scale of spontaneous symmetry breaking (SSB) [14-18].
If the dilaton is DM, the lack of separation between the mass and the decay constant leads
to tension with structure formation in the early Universe [19]. At the onset of structure
formation, when the temperature of the SM is T' ~ keV, the observed DM energy density
is ppm ~ T3 - eV [20]. At this time, the dilaton oscillates about its minimum with energy
density p, ~ midXQ and redshifts like cold DM. By matching ppy with p,, we see that the
amplitude of the field oscillations must be much larger than the dilaton mass, dx > m,. But
the dilaton only redshifts as cold DM if dy < f; otherwise, the potential is not quadratic
and the oscillations are anharmonic. Therefore, generic ultralight dilaton DM is inconsistent
with cosmological observations. One needs to separate the dilaton mass m, and the decay
constant f to make the dilaton a viable ULDM candidate.’

The goal of this work is to construct a natural, UV-complete model of ultralight dilaton
DM. We invoke supersymmetry (SUSY) to protect a hierarchy between the dilaton mass and
the SSB scale. In a non-SUSY theory, radiative corrections generate an unavoidable O(1)
quartic term in the dilaton effective potential, which leads to a large dilaton mass. In our
SUSY model, we can set the quartic to be small and it remains small, as ensured by the
nonrenormalization theorem. Hence, SUSY allows us to have a parametrically light dilaton
that is a suitable ultralight DM candidate. The effective SUSY-breaking scale can be much
lower in the dark sector than in the SM if SUSY is broken at a low scale, and communicated
to the visible sector via gauge mediation but to the dark sector via gravity mediation.

Specifically, the UV model of the dark sector (DS) is a supersymmetric CFT (SCFT)
where the dilaton DM arises as the pNGB of spontaneously broken scale invariance. The
IR mass gap is triggered by an external operator that explicitly breaks scale invariance in
the UV. The dilaton mass is m, = Af, where A < 1 is a small parameter proportional to
the VEV this operator obtains in the IR. The holographic dual is a SUSY Randall-Sundrum
(RS) model, where the dilaton DM is identified with the radion field that sets the size of the

'Because the dilaton mass is suppressed by powers of the anomalous dimension e, it is possible to get a
light dilaton if the anomalous dimension is small [21-23]. However, if the anomalous dimension is too small
then the UV scale is trans-Planckian, due to its exponential sensitivity to 1/e [19].



extra dimension. The operator that generates the mass gap is dual to a field in the bulk, and
the small parameter A\ arises as the tadpole of the bulk field on the IR brane.

The major model-building challenge is that realistic SUSY-breaking corrections — with
a SUSY-breaking scale consistent with current LHC data — generically make the dilaton
mass too large to be ultralight DM. In the Goldberger-Wise mechanism [24, 25] (as well
as the relevant stabilization mechanism [26]) the SUSY-breaking terms must be sufficiently
small to not affect the dilaton stabilization, which generically results in the bound m, 2 VF,
where \/F is the effective SUSY-breaking scale in the dark sector. We overcome this issue by
employing a somewhat unusual stabilization mechanism: we trigger the spontaneous breaking
of scale invariance with an irrelevant external operator induced by SUSY-breaking. By tying
the breaking of the two symmetries to each other, we ensure that m, oc v F', and because the
operator is irrelevant its effects in the IR are further warped down, allowing for m, < VF.
In the 5D dual, F' is the VEV of the auxiliary component of the bulk field dual to the external
operator. With our stabilization mechanism, the dilaton can remain ultralight even after
accounting for realistic SUSY-breaking corrections.

We will show that the dilaton ULDM can be produced by the misalignment mechanism,
although the details differ from ALP production. These differences arise because the dilaton
field is noncompact and its potential is not periodic, which are important when the dilaton
is initially far from the potential minimum. In this case the dilaton undergoes an epoch
of anharmonic oscillations, during which its energy density redshifts faster than radiation,
before settling into coherent harmonic oscillations about the minimum. In addition, we find
that because the dilaton couples to the energy density of the Universe, during inflation it
redshifts towards zero. This limits the possible initial displacement from the vacuum, unless
one considers modifications to the inflaton-dilaton couplings. The final DM relic abundance
is greatly affected by these differences.

To the best of our knowledge, our construction is the first UV-complete model of ultralight
dilaton DM with a consistent cosmological history. Unfortunately, we find that anomaly-
mediated SUSY-breaking (AMSB) corrections generate unacceptably large contributions to
the dilaton mass unless its coupling to the SM is very small. Furthermore, unless there are
nonminimal couplings between the dilaton and the inflaton, matching the correct abundance
predicts even tinier dilaton interactions with the SM. Thus, contrary to our initial hope, we
find that dilaton ULDM requires couplings to the SM that are small and well beyond the
reach of proposed experiments, similar to generic scalar ULDM. Although ultralight dilaton
DM is frequently considered in phenomenological studies, our work demonstrates that a
realistic theory is difficult to realize and requires rather baroque ingredients.

The paper is organized as follows. In section 2 we give a brief summary of the main low
energy physics of our model. We explain the UV construction of our model in section 3,
where we calculate the dilaton mass and show that it is hierarchically below the IR scale. We
compute the abundance of ultralight dilaton DM in section 4, with a focus on the unique
anharmonic misalignment production scenario. In section 5 we derive the ULDM dilaton
phenomenology and plot the available parameter space of our model. We find that ULDM
dilaton can comprise all of DM for masses between 10~11-1eV, and currently no existing or
planned experiments are probing the relevant region of parameter space.



2 Summary of the low-energy physics

The dark sector of our model consists of two fields: the scalar dilaton x and the pseudoscalar
R-axion 9. They are both singlets under the SM gauge group with almost identical masses
my ~ my. The dilaton and the R-axion make up the entirety of DM, and are produced
by the misalignment mechanism, as will be explained in section 4. The dark sector also
contains a light dilatino, the fermionic superpartner of the dilaton and the R-axion. However,
it is very weakly coupled and rarely produced in the early Universe, so it plays no role in
cosmology and is irrelevant to experiments.

In section 3 we present the UV model for the dark sector, and show it results in a

1 (X)2+2e 2 <X>3+e cos[(3+6)19/f]] . (2.1)

scalar potential of the form
b

Vg =
off e—1

1+e\f T 3+e\f

Here Y and 9 are respectively the (canonically normalized) dilaton and R-axion, f is the

minimum of the dilaton potential corresponding to the scale of SSB, and ¢ is dimensionless
and greater than 1. The dilaton mass and its VEV are independent of each other, and we
are free to assume that m, < f.

The most important interaction of the dark sector with the SM is through the dilaton
portal, as we calculate in section 5. The dilaton couples linearly to the trace of the stress-energy
tensor, resulting in couplings to the electron and the photon given by

A A

where m, is the electron mass, B(e) is the QED beta function and A = 6M3,/f is the
suppression scale, which is trans-Planckian. After we work out the production mechanism

Ly—sm = XT[f 5 X (meee + %Z)Fi,,) (2.2)

and the phenomenology, we present exclusion plots in figures 5 and 6, assuming two different
initial conditions for the dilaton.

3 UV model

3.1 Setup

There are three sectors in our UV model; the first two are the visible sector and the dark sector.
Since we are assuming an underlying SUSY, the third sector is the standard SUSY-breaking
sector, which in turn is mediated to the first two sectors. For the dark sector we are interested
in DM with masses below 1eV which, as we shall see, requires a very low SUSY-breaking
scale. Therefore we will assume SUSY-breaking is communicated by gravity mediation to
the dark sector and also that the ultimate SUSY-breaking scale is low, Mgpsy ~ O(100) TeV.
In the visible sector, which contains the MSSM, SUSY must be broken above O(10) TeV for
the superpartners to be heavy enough to avoid LHC limits [27]. We therefore assume that
SUSY-breaking is gauge-mediated to the MSSM where its effects are suppressed by a loop
factor (see [28] for a review). Our construction? is illustrated in figure 1.

2Ref. [29] recently proposed the same setup for heavier DM above the effective SUSY-breaking scale in the
DS, while we consider ultralight DM below it. SUSY-breaking effects are very important in our scenario, while
in [29] they are negligible.



gauge mediation S gravity mediation

Figure 1. A sketch of our model. The DS is a SCFT where the role of DM is played by the dilaton
x and the R-axion ¥. The SUSY-breaking sector transmits SUSY-breaking to the MSSM via gauge
mediation and to the DS via gravity mediation. The DS is sequestered from the other sectors, and
interacts with the MSSM via the coupling of the dilaton to the trace of the stress-energy tensor.

We model the dark sector as a strongly-coupled, spontaneously broken CF'T near a fixed
point, or equivalently as a warped 5D Randall-Sundrum model [14] that is holographically
dual to the CFT [30, 31]. The MSSM and the SUSY-breaking sectors are elementary
and the dark sector is composite. In the 5D picture, the MSSM and the SUSY-breaking
sectors are UV-localized and the dark sector is IR-localized, see figure 2. Crucially, the
CFT/RS is sequestered from the other two sectors [32-35]; that is, the external operators that
explicitly break conformal invariance are all irrelevant (UV-localized in 5D). The sequestering
suppresses dangerous local SUSY-breaking operators that would induce mass corrections
that are too large for ultralight DM. Indeed, the SUSY-breaking scale in the dark sector is
ms /o A MgUSY/Mpl 2 10eV due to gravity-mediation (we identify this scale as the gravitino
mass). Therefore, Planck-suppressed contact terms with the SUSY-breaking sector would
generically induce O(m3/2) 2 10eV mass corrections that are unacceptably large for ULDM.

The ultralight DM in our model is the dilaton of the CFT, dual to the radion of the RS
model. The dilaton is a natural ULDM candidate because its mass is protected by the scale
invariance of the CFT. In sections 3.2 and 3.3 we will use the gravity-mediated SUSY-breaking
in the UV to explicitly break the scale invariance of the CFT and generate a mass gap, such
that the dilaton acquires a mass proportional to mg/,, which vanishes when SUSY is exact.
In the 5D description, the radion VEV is arbitrary and thus the radion is massless, and it
is stabilized by a massive bulk field that obtains a VEV [24, 25]. As will be explained in
appendix A, SUSY breaking on the UV brane generates the VEV of the bulk field responsible
for stabilizing the IR brane, similar to the CFT picture.

3.2 Dilaton stabilization

The dilaton of the CEF'T plays the role of ultralight DM in our model. A cosmological history
consistent with observations requires the IR scale at which the CFT is spontaneously broken
to be hierarchically larger than the dilaton mass. Standard dilaton stabilization mechanisms
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Figure 2. A sketch of our model in a 5D braneworld. The DS is the modulus field w, whose radial
component is the dilaton which determines the size of the extra dimension. The SUSY-breaking
and MSSM sectors are localized on the UV brane, and a bulk field ® gets a VEV ¥ on the UV
brane. ® stabilizes the size of the extra dimension when the auxiliary component of 3 receives a VEV
from SUSY-breaking via gravity mediation. SUSY-breaking is transmitted to the MSSM via gauge
mediation, and to the DS on the UV brane via gravitons propagating through the bulk.

do not separate these two scales, so we require a different stabilization mechanism which
we describe below.

We are analyzing a strongly-coupled SCF'T that is spontaneously broken in the IR. The
spontaneous breaking of scale invariance generates an NGB mode x which is the dilaton
field, and its VEV sets the IR scale where the CFT is spontaneously broken. We wish to
generate a large hierarchy between the UV cutoff and the IR scale, so the dilaton must obtain
a nonzero VEV exponentially below the UV cutoff. Due to the strong coupling, the dilaton
potential cannot be calculated directly from the CFT, but we can determine the form of the
effective dilaton potential Vg () using spurion analysis. Scale-invariant quartic x* terms in
Vert(x) either push (x) to 0 (conformal invariance is unbroken) or toward the UV cutoff, and
if Vog(x) = 0 the dilaton is massless and the IR scale is arbitrary. In order to stabilize the
dilaton about (x) # 0 and give it a mass, we need to introduce an explicit source of conformal
symmetry breaking. This explicit breaking should be small enough that scale invariance is
mostly broken spontaneously and the dilaton description is still valid at low energies.

We perturb the CFT in the UV by turning on an operator £ = gO with a small coupling
g. Since g is small in the UV, the CFT remains nearly conformal until the coupling g reaches
a critical value where the operator O obtains a nonzero expectation value, triggering the
spontaneous breaking of conformal invariance. The effective dilaton potential is found by
spurion analysis: g runs as g(u) = g(puv)(puv/p)~¢, where € is the anomalous dimension
of O, so we can restore scale invariance by treating ¢ as having scaling dimension [g] = —e.
This corresponds to polynomial terms Plg(x)]x* D x* ugy X‘*”ﬁuﬁ%ﬁ, ... in the dilaton

potential that stabilize its VEV at a nonzero value. The size of g sets the VEV of the



dilaton (x) and thus the IR scale, and the dilaton is now a pNGB whose mass is related
to the source of explicit breaking O.

In our model we are considering a super-conformal field theory, so the argument above
needs to be augmented to incorporate SUSY. In A/ = 1 SUSY this can be done by working
in superspace. When an SCFT is spontaneously broken, in addition to the dilaton NGB
x associated with broken scale invariance there is an “R-axion” NGB 1 associated with
broken superconformal R-symmetry [36]. The dilaton is then promoted to a chiral superfield
w = {w,®, F, }, which we call the “modulus” superfield [37]. Its scalar component is w = ye’
and its fermion partner @ is the “dilatino”. The low-energy theory is again determined by
spurion analysis, and an explicit source of conformal symmetry breaking is required to make
the modulus massive with a nontrivial VEV. In addition to the requirement that this explicit
breaking be small so that the theory remains nearly conformal, the SUSY breaking in the UV
must also remain small so that the theory remains nearly supersymmetric down to the IR scale.

We will trigger the breaking of conformal invariance in the SCFT with a chiral operator
O = {0,0, Fo} with scaling dimension [O] = 3 + ¢, where e is identified as the anomalous
dimension of Fp.> O weakly deforms the SCFT in the UV as

5L = /d292(’) +hee. = SFo — 50 + FrO + he. (3.1)

> = {%,% Fy} contains the couplings for each component of @ in the UV, and is often
referred to in the literature as the “source field” (see e.g. [38]). The coupling F¥, represents
sources of SUSY-breaking in the UV, and similarly the fermion coupling ¥ will mix with the
goldstino G, the Nambu-Goldstone mode associated with SUSY-breaking. 3 is the conformal
symmetry breaking spurion in the effective low-energy theory, and is assigned a spurious
scaling dimension [X] = —e such that Yw® terms are formally scale invariant.

In appendix A we use the dual holographic description of the SCFT in a warped back-
ground [30] to find the correct form of the low-energy modulus EFT with SUSY taken into
account. We denote k as the UV scale uyvy, and for convenience we rescale 3 — Xk7¢ so
that the spurion field is dimensionless. In our convention, X is the usual dim-1 spurion
divided by the mass of the mediator field Mpess 50 that Fy = Ms?m/Mmess. The holographic
calculation in the AdS background gives the effective modulus Lagrangian

N? :
Lo = 3—2 / d*fww + / d*0kw® + h.c.
47

1 €12 €
_ —/d“ewTw ’2 (“’) n /d29/\w32 (“’) 4 he.
1+e k k

The first line of this equation is scale invariant, where N is the number of colors in the SCFT

(3.2)

and |k|?|w|?* is the quartic. It is evident that no spontaneous symmetry breaking can occur
when k # 0, which admits a minimum at wnj, = 0. Therefore, it is necessary to introduce a
small explicit breaking in eq. (3.1) that generates the second line in eq. (3.2) involving the
spurion X. This nearly supersymmetric description assumes that the explicit SUSY-breaking
spurion Fy is small, which is easily achieved if we assume that SUSY-breaking is mediated to

The fermion and auxiliary components of @ have scaling dimensions [O] = [O] + 3 and [Fo] = [O] + 1.



the CFT sector by gravity so that |Fx| = ms o (Mpess = Mp1). We also assume that € > 1
so that the operator O that couples to Fy; in the UV is irrelevant. A similar form of the
superpotential was previously found in [39] using spurion analysis, but it was missing the
Kahler correction in the second line, which plays a crucial role in our model.

Normally, the dilaton quartic x* in CFTs is an order-one number because it receives
quantum corrections, so it cannot be small without tuning. In SUSY, the quartic k is
exact due to the superpotential nonrenormalization theorem, so if it is set to be small or
vanishing, it remains so. This allows the novel possibility of setting x = 0 in the SCFT,
and consequently having no quartic dilaton interaction in the effective potential. We will
also assume that A is extremely small for the same reason, which will be the source of the
UV/IR hierarchy. In contrast, the coefficient of the noncanonical term in the Kéhler potential
cannot be chosen and is fixed.

We find two main contributions to the modulus scalar potential in eq. (3.2): the first
is obtained directly from the nonzero VEV of Fy,

1

Ve = 10

‘F2’2|w’2+26k726 . )\FEW3+€]{:7€ + h.C., (33)

and the second is obtained by solving for F,,

N2
Vi 3

2
@ 42 '

47T2 €7.—€ * ok €
[Fu? = 55515 |3 + ™ k™ — Fiw® Jw/kl? (3.4)

We will soon show that Vg, is subdominant with respect to Vg, for the stabilization mechanism
we are considering.

When SUSY is unbroken in the UV (Fyx = 0), the potential is Vog o< |A|?|w[*+2¢ whose
minimum is wyiy = 0, and no spontaneous breaking occurs. Therefore, the SUSY-breaking
coupling Fy, # 0 triggers the spontaneous breaking of scale invariance in our model.* Vg
has a minimum only when ¢ > 1, and both potentials have a minimum with a parametric
dependence of |wmin/k|“" ~ [A[k/mg/5. The absolute value of the minimum should be much
smaller than the UV cutoff [wpmin| < k, which is only possible if [A\| < m3/9/k. For example,
if we take k = Mp) and mg/; = 10€V, we find that the coupling should be smaller than
|A| < 10725, This small value is only possible because \ is protected by SUSY.

Near the minimum at w = wmin + dw, the potentials are approximately
472

2e
bwl?, Vi, = W@Fmg/z

Wmin

k

Wmin

4e
- |6w]?. (3.5)

2
Vg = mg3 /o

Vg, is suppressed by |wmin/k|?¢ with respect to Vi, so its effects are negligible. A similar
analysis shows that Vg, dominates over Vg, for all w, except possibly near the UV cutoff
|w| ~ k, where our EFT description is expected to break down regardless. We can therefore
ignore Vg, in the following discussions.

Now that we understand that the effective potential is Vog = Vp,, we can make the previous
calculation more precise. In terms of the radial x and the angular ¥ components of the scalar

4If we had turned on the quartic k # 0, there would be a nonzero minimum that conserves SUSY. However,
if x is sufficiently small its effects can be neglected, so we chose k = 0 for ease of discussion.



modulus w — the dilaton and the R-axion, respectively — the effective potential in eq. (3.3) is

1 2¢ €
Vet (X, 0) = Tﬂmg/ﬁf <>]§> — 2|A\Jm3 o (2) coslarg A + arg Fx; + (3 +€)9].  (3.6)

The minimum of this potential is at

arg A + arg Iy,

3 A
(3+4)A e

kO = — (3.7)

Xmin =

] 1/(e-1)

ms3/2

As expected, when A < mj3/y /k is exponentially small, we generate a large hierarchy xmin/k <
1 between the UV scale k and the IR scale ymin where the CFT is spontaneously broken. It is
the smallness of A in the superpotential (which is technically natural because it is protected
by SUSY) that generates the UV /IR scale hierarchy in the SCFT.

This is an unusual stabilization mechanism for the dilaton compared to previous proposals
in the literature; e.g., the commonly used Goldberger-Wise mechanism [24] relies on the
CFT-breaking operator being almost marginal (|dp — 4| < 1) with order-one coefficients. A
relevant operator (2 < dp < 4) can also stabilize the dilaton if the coupling of O in the UV
is small due to some symmetry such as a broken Z, [26]. Here, the hierarchy is generated by
an irrelevant operator (dp > 4), and this is true even if the operator is far from marginal
(i.e. € is not close to 1). It is the underlying SUSY that makes this stabilization mechanism
possible: generically, the dilaton potential has the scale invariant y* term with an order one
coefficient, while irrelevant operators generate Y% k4= terms of higher powers. When these
two terms are balanced against one another, the dilaton VEV is at xpmin ~ k£ and no large
UV/IR hierarchy is generated. A supersymmetric model can avoid this argument because we
can set the quartic term to zero due to the nonrenormalization theorem, as we have done here.

3.3 Spectrum

The masses of the scalar fields are computed by taking the second derivative of the scalar
potential in eq. (3.6) and plugging in the VEVs, taking into account the wavefunction
normalization. We find that the mass of the dilaton is equal to

Ve (Xmm> mg/o = Ve (3+ G)IA’XIHHH (3'8)

My =

3N2 3]\72

where mg /5 = Mg%Y/Mpl is the SUSY-breaking scale in the dark sector. Note that since \ is
exponentially small and A is protected by SUSY, the dilaton mass is much smaller than ymin.
This is one of the central results of our paper: our mechanism generates a light dilaton that is
exponentially lighter than the IR scale. For comparison, in the Goldberger-Wise mechanism,
the UV/IR hierarchy is generated by a small anomalous dimension |dp — 4| < 1, and the
dilaton mass is only |do — 4|'/? smaller than ymi, [22, 40, 41]. We cannot lower the dilaton
mass by making |dp — 4| arbitrarily small without making the UV scale k trans-Planckian [19].
In our model the source of the hierarchies is the small parameter A and not the anomalous
dimension ¢, which allows us to set the dilaton mass to be small without making k > Mp;.



The mass of the dilaton is warped down from the gravitino mass by (xmin/k)¢ and satisfies
my < mg/o. Therefore even though the smallest realistic value of the gravitino mass is

Myey
m3/2 ~ MP] Z 10 eV, (39)

corresponding to the smallest possible SUSY-breaking scale of Mgysy ~ 100TeV (see sec-
tion 3.1), the dilaton can easily be lighter than 1eV — the upper limit of the ULDM mass
regime. In section 4 we analyze in detail the viability of the dilaton to be ULDM.

The masses of the other fields in the modulus supermultiplet are not identical to the
dilaton mass because SUSY is broken. The masses of the R-axion ¥ (the angular mode of
the complex scalar w) and the dilatino @ (the fermion component) are

4 2 min
my 3]7;2\/34-6()( ) mgg ~ My,

47T Xmin 2 Xmin ¢
mg = W‘E’m:g/z . ~ oy | T .

Misalignment will produce both R-axions and dilatons, with each accounting for about half

(3.10)

of the total DM abundance due to their nearly equal masses (see section 4). The dilatino
is much lighter than its scalar partners so in principle they can decay to the dilatino, but

)2¢=1 and is

this process is suppressed by a tiny Yukawa coupling of order mg3/5/k(Xmin/k
therefore very rare. The dilatino is not produced by misalignment because it is a fermion.
The phenomenology of ¥ and @ is discussed in section 5.2.

For later convenience, we note that the modulus potential in eq. (3.6) can be written as

1 % 24-2¢ 92 X 34e
B — Umin . 11
L+e (Xmin) 3+e€ <Xmin> COS[(3 + 6)(19 9 )} (3 )

3N2 minznin
472 e—1

Vet =

This potential is valid up to the UV cutoff x & k, and is plotted in figure 3. The corresponding

kinetic term is

3N? 3N?

S 0l = S5 (0007 + X @u)] (3.12)
The canonically normalized dilaton is ¥ = /3N?2/27%x and the corresponding VEV is
f = /3N?/27%Xmin, which is the SSB scale of the CFT.

Ekin =

3.4 Naturalness bound from AMSB

There is a lower limit on how small we can make m, before radiative corrections become
comparable to the bare mass in eq. (3.8) and the model becomes unnatural. This is because
although X is protected from radiative corrections by SUSY, higher dimensional operators
induced by SUSY-breaking will generate corrections to m, that are potentially larger. The
two dominant sources of SUSY-breaking in our model are the running of Fy; from the UV scale
— which is used to stabilize and give the dilaton its mass — and through anomaly mediation
(AMSB) [32, 42]. The effects of the latter dictate the naturalness bound on our model.
AMSB is dominant over gravity-mediated SUSY-breaking because the dark sector is
sequestered from the hidden sector wherein SUSY is broken. This is a critical assumption in
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Figure 3. A plot of the modulus potential Veg(x, ) as a function of the dilaton x and the R-axion 9,
where the anomalous dimension is fixed to € = 2. (top) A plot of the dilaton potential Vog(x) along the
¥ = Omin and ¥ = Yin + 7/(3 + €) directions, in solid-pink and dashed-pink respectively. The dilaton
field value is normalized by its minimum value Xmin, and the potential is normalized as in eq. (3.11).
For large dilaton field values, the potential is essentially symmetric for all ¢ values. This symmetry is
broken near the minimum as shown in the inset and in the bottom figure. (bottom) A contour plot of
the dilaton potential Vog(x, ) near its minimum. The broken symmetry in 4 is manifest.
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our model, since Planck-suppressed contact terms between the dark sector and the hidden
sector would generically induce O(ms /2) corrections to the dilaton mass and spoil its smallness.
Sequestering suppresses these contact terms. This suppression can be explained in either
the CFT [33-35] or the 5D pictures [32]; in the CFT picture, the Planck-suppressed contact
terms are a small perturbation to the UV couplings. The CFT flows to an IR fixed point that
is insensitive to the UV initial conditions, so these contact terms obtain a large anomalous
dimension due to the CFT dynamics and their values in the IR are consequently suppressed.
In the 5D picture, the hidden sector and the DS are localized on the UV and the IR branes,
respectively, so contact terms are suppressed by a small wavefunction overlap between the
fields on the two branes.

Even in the absence of direct couplings between the hidden sector and the DS induced by
graviton loops, SUSY-breaking is still transmitted by the scalar auxiliary field Fi, of the off-
shell supergravity (SUGRA) multiplet. It obtains a VEV F,, = mj3/, due to SUSY-breaking
and its effects at low energies are captured by the conformal compensator ¢ = 1+92F¢, (32, 42].
The conformal compensator is used in SUGRA as a spurion that restores scale invariance to
the theory, and whose lowest component breaks superconformal symmetry down to super-
Poincaré symmetry. By dimensional analysis ¢ couples to the Kéhler potential as [ d*0ptpK,
and to the superpotential as [ d?0¢3W. This is called anomaly mediation because F, couples
to all mass/anomalous dimensions in the Lagrangian.

When we restore the conformal compensator ¢ to the Lagrangian in eq. (3.2),

=(%)

we see that its effects can be absorbed into F,, and Fx by the redefinitions pw — w and

3N? 1 2
= 400t vwiw |22 —
Lot /d&gocpww[47r2 The

+ / 20ApPw?S (‘Z) the  (3.13)

3p~¢ — X. This degeneracy is expected because X is also a spurion that restores the scale
invariance of the SCFT that was broken by the operator O. Since F, ~ Fy, ~ mg/9, we
see that AMSB has no effect on the preceding discussions. However, in addition to the
Kéhler corrections in eq. (3.2) arising from the CFT dynamics, we expect higher-dimensional
interactions of the dilaton with the graviton to generate additional K&hler corrections of
the form

1 (wTw)Z wW—rwW 1 (wTw)2
L d*0t T — Ld /d49 fw — = 3.14
eff 2 / e [w “ 7 1672 M3, AT ploM3 |’ (3.14)

where we have canonically normalized w in this expression for simplicity. In the SCFT picture
this correction is expected because conformal invariance is broken by gravity, and in the
dual 5D picture this correction arises because the graviton propagates in the bulk [43]. Its
contribution to the modulus scalar mass is roughly

2 1 f2
Aml ~ —— = |Fy P~ —— 2 omi . 3.15
"o ™ Ton? MI%I’ ST Mg, (3.15)

2
X7
of our model. As we will see, this bound excludes a significant fraction of our parameter

The validity of our analysis thus requires m2, m% > Am?, which is the naturalness bound

space, however leaving ample allowed space.
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4 Misalignment production

We now have a consistent model of an ultralight dilaton, and can therefore explore its
possible production mechanisms as a DM candidate. Here we focus on the misalignment
mechanism [44-46] for the dilaton and the R-axion; essentially, the particles are in a coherent
superposition and act as a classical field whose energy is determined by the initial displacement
from the potential minimum. In the early Universe, the field value remains constant due
to Hubble friction. As the Universe expands and Hubble decreases, the field begins to roll
down the potential until it eventually oscillates about the minimum. The energy density
of the oscillating field redshifts like matter, consistent with cosmological observations of a
CDM component in the Universe [20].

The standard ULDM candidate analyzed in the misalignment mechanism is the ax-
ion/ALP [47], whose potential is periodic and can be approximated as harmonic (i.e. quadratic)
for most of the field range. The dilaton, however, is not a periodic field, and its potential
is very anharmonic for most of the field range (see eq. (3.11) and figure 3). As a result,
for most possible initial conditions anharmonic effects substantially alter the final dilaton
abundance. We will be agnostic about the initial field value xo and study the misalignment
production in two limits of interest: the xo < Xmin regime near the origin in section 4.1 and
the x0 > Xmin regime far away from the minimum in section 4.2.

We additionally assume that the dark sector is not reheated at the end of inflation. This
assumption is crucial for two reasons. The first is that ULDM was necessarily never in
thermal equilibrium, since it is below the warm DM limit of 1keV. The second reason is
that if the CFT were sufficiently heated to be in the deconfined phase, then due to the
shallow dilaton potential, the phase transition to the confined phase would be extremely
suppressed and never complete [48]. Then the Universe would be stuck in the deconfined
phase with a positive CC and inflate eternally.

To analyze the production of the ULDM dilaton through misalignment, it is convenient
to rewrite the effective action in terms of a dimensionless dilaton field,

p—— (4.1)

Xmin

and to shift the axion ¥ — ¥ + Umin. Egs. (3.11) and (3.12) then give the effective Lagrangian

mQ <¢2+26 2¢3+5

_1 2 2 2 2 X
Lot = 51 | (0u0)* + 6*(O0) 3.

-1 4+ Vinin- (4.2)

cos|[(3 + 6)19])

where we have shifted the potential by Viyin = —%mifQ/(e2 + 4e + 3) in order to set the
CC to zero at the minimum. The axion decay constant is f/(3 + €), which is reflected in
the periodicity of the potential under ¢ — ¥ 4+ 27/(3 + €). This potential admits a unique
minimum at ¢ = 1, 9 = 0. To study the misalignment mechanism, we consider some initial
field values ¢g, ¥ (with ¢g > 0, 0 < ¥y < 27/(3 + €), and zero initial velocity) and compute
their time evolution through the equations of motion on an FRW metric.

Although we will study all possible initial conditions in the next sections, there is a
minimal prediction for the dilaton initial condition where no additional assumptions are
made about the dilaton dynamics before the radiation domination (RD) era. To see this,
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observe that because the dilaton has a universal coupling to the trace of the stress-energy
tensor (cf. eq. (5.3) in section 5.1), it couples to the total energy density of the Universe
and thus to the Hubble parameter H of the Universe. Using the Friedmann equations and
assuming that w = P/p is the equation-of-state parameter of the Universe, this coupling
induces an effective mass for the dilaton of the form
TRy 5 1-3w
Tz X T

where ¥ is the canonically normalized dilaton field. We refer to this as the “Hubble mass”

Vi H*3?, (4.3)

contribution to the dilaton potential. In the RD era the Hubble mass nearly vanishes because
w = 1/3 to leading order,® and in the later eras the Hubble mass is small and negligible
compared to the DM mass, H < Heq ~ 107286V < myrLpm. The Hubble mass can be
significant before RD when w # 1/3 and Hubble is large — especially during inflation.
Indeed, if there are no dilaton-inflaton couplings beyond those in eq. (4.3) above, then
during inflation the Hubble mass is the dominant contribution to the dilaton potential® with
mi,eff = 2H12 where H; denotes the inflationary Hubble scale. After solving the EOM we
find that during inflation the dilaton rolls exponentially with the number of e-folds N, = Hjt
as X ~ e Ne_ implying that ¥ < 10722Mp; by the end of inflation since at least 50 e-folds of
inflation are required from CMB observations [49]. Therefore, the initial y, at the onset of
RD is X, < 10° eV for the minimal scenario. However, nonminimal couplings between the
inflaton and the dilaton could change this prediction and allow for a broader range of
values, so we have chosen to calculate the dilaton production for all initial field values.

4.1 Initial condition x¢ < Xmin

We first compute the relic abundance when the initial field value ¢o = x0/Xmin < 1 is close to
the origin. In this case, one has almost standard misalignment: an initial overdamped phase
where the energy density is constant, followed by underdamped harmonic oscillations about
the potential minimum where the energy density redshifts like cold matter. The only difference
from the standard scenario is that the time ¢4, at which the dilaton begins to oscillate depends
on its initial value. This is due to the anharmonic potential near the origin, V ~ ¢3¢ [cf.
eq. (4.2)]. To see this in more detail, note that the equation of motion for ¢ near the origin is

. . m2
¢+3Hp— e_—xlgzs“f cos[(3 + €)9] = 0, (4.4)

where we neglect the motion of the R-axion field for simplicity. The dilaton field begins to
roll when the potential gradient term dominates over the Hubble friction term (H = 1/2t
during RD), leading to

3 Je—1 1

tosc ~ 5 ? X mix . (45)

5We have verified that small deviations from w = 1/3 during RD are insignificant for the dilaton dynamics
in the parameter space of interest.

5This is certainly true when comparing the Hubble mass with Veg in eq. (3.6) when H; > mgye. For
smaller values of Hy, the potential in eq. (3.6) is steeper and thus accelerates the rolling of the dilaton to the
origin relative to the rolling induced by the Hubble mass alone. The Hubble mass becomes dominant below

X ~ k(H]/m:’)/Q)l/E.
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Thus the onset of the oscillations is delayed compared to the case of a purely quadratic
potential where the oscillations would start at tesc ~ 1/ m,. This is similar to the case of
anharmonic effects for the QCD axion hilltop misalignment [50-54].

The initial energy density is —Vi,in, corresponding to the potential at small ¢. Explicitly,
the DM energy density is then given by

pt) 1 {1 t < tose (overdamped) (4.6)

= X
gmyf? € tdet3 (t/tose) ¥/ tose <t (harmonic)

For a generic initial condition, this energy would be divided equally between the dilaton and
the R-axion due to their nearly equal masses [cf. eq. (3.10)]. Using entropy conservation and
the fact that the oscillations begin during the RD era, we can calculate the final dilaton
DM relic abundance today, Qpy = p/pe, as follows [55]:

Qpumh? ~ 1 X 1 9xs(To) [ 9*(T050)r/3 p(tosc) (4.7)
0.1 017 3gus(Tose) L 7 9u(To) | pi2ml?m3? '
—3(14€)/4 1/2 2
_cle) < ¢E ) « (mx > ( f > : (4.8)
61(2) 10 5 1eV 2 X 106 GeV

where the prefactor is ¢i(e) = (e — 1)3/%/(e® 4 4e + 3). This differs by a factor of 1/(e? +
de + 3) x (mytose)®? from the usual expression for misalignment production of DM with
an O(1) misalignment angle [4], where the dominant difference is due to the late oscillation
time tose > 1/m,.

The matter power spectrum is known to follow the standard ACDM cosmology up to
k modes of order 10 Mpc™t [20], corresponding to modes that entered the horizon after
T, ~ keV. This constrains the oscillation time Z., at which the dilaton and the R-
axion begin to redshift like matter, to occur before the Universe reaches this temperature:
T, (t = tosc) 2 keV. This gives the bound

2 [gite keV? -
Heoy ~ 3\/5 X my > L = 42x10 eV, (4.9)

where eq. (4.5) was used.

The dilaton field experiences de Sitter fluctuations during inflation that are typically of
magnitude 0¢ = Hy/2n f, which are independent of the inflaton fluctuations. Since in the
present scenario ¢ < 1, isocurvature fluctuations are produced with magnitude [56, 57]

5(;5’ _ 30+ 9H 0 g5 (4.10)
87Xo

d log QDM

‘ do
The bound on this quantity is taken from Planck [49]. The minimal scenario, where X <
10° eV, is therefore only compatible with low-scale inflation models with H; < O(10)eV. This
is not true in the general case where larger X, values are possible.

4.2 Initial condition x¢ > Xmin

We now compute the DM relic abundance produced by misalignment when the initial field
value ¢ = x0/Xmin > 1 is far from the minimum of the potential. In this case, the evolution
of the energy density over time is separated into three distinct phases:
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e Overdamped phase: at early times Hubble friction freezes the fields at their initial
values ¢ = ¢g, ¥ = ¥g. The energy density is constant, corresponding to an equation-of-
state parameter w = —1.

e Anharmonic phase: at a time ty,, ~ ¢ ©/my, the fields roll away from their initial
values and begin large, anharmonic oscillations. The energy density redshifts with
w=c¢€/(2+¢).

¢ Harmonic phase: at a time tg5 ~ ¢é4_6)/ 3 /my, the fields have dissipated enough

energy to begin underdamped harmonic oscillations about the potential minimum at
¢ = 1,9 = 0. The energy density now behaves as CDM (w = 0).

The overdamped period followed by underdamped harmonic oscillations is the typical ALP
misalignment story, but the intermediate phase of anharmonic oscillations is perhaps less
familiar. It arises because the dilaton field is not compact and does not have a periodic
potential, so it is not valid to approximate it as quadratic for large field values ¢ > 1.
During the anharmonic phase, the DM undergoes oscillations in a ¢?T2¢ potential, causing
the energy density to dilute faster than radiation with w = ¢/(2 + €) (which was first shown
in ref. [58]). The anharmonic phase ends when the energy density becomes small enough
that the oscillations are confined to the vicinity of the minimum at ¢ = 1,9 = 0, where the
potential is approximately quadratic and the oscillations are therefore harmonic.

This description accurately captures the behavior for € < 4; for ¢ > 4, the behavior
qualitatively changes. Due to the steeper potential, the dilaton rolls down fast enough to
“catch up” with the decreasing Hubble friction, which temporarily slows down the field until
Hubble becomes sufficiently small and the cycle repeats. Instead of oscillating, the dilaton
rolls down in steps until it reaches the vicinity of the minimum and is frozen there by Hubble
friction. There, the anharmonic shape of the potential delays the onset of oscillations, and
the behavior is qualitatively similar to the scenario considered in section 4.1, albeit initially
closer to the minimum rather than localized near the origin. Therefore, we limit our study
of the parameter space for this scenario to ¢ < 4.

The derivation of the timescales tann, tose and the scaling of the energy density during the
anharmonic oscillations is straightforward, and we include it in appendix B. The upshot is
that the energy density during radiation domination is approximated by

¢2+25
620_ 1 t < tannh (overdamped)
242
1 p(;) 5 — O+ € X (t/tanh)_3(l+€)/(2+€) tanh < t < tOSC (anharmonic) (411)
§mxf e -1 —
B+e?2 X (t/tose) ™2 tosc <t (harmonic)
where o
+3e
3(6 — 1) —€ 1 (3 + 6)2 c ¢
fanh = =500 X 1 fese = m%” tanh- (4.12)

Normalized by %mifz, the initial energy density is ¢272¢/(e2 — 1) and 1/(3 4 ¢)? is the dilaton
energy at the point where the potential is well approximated by a quadratic (i.e., when the
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Figure 4. Time evolution of the DM field energy density p with the initial condition (¢, o) =
(40,1) and € = 2. We show a numerical result obtained by solving the equations of motion in a
radiation-dominated FRW universe (solid blue line) and the analytical approximation described in
eq. (4.11) (dashed black line). The behavior separates into the three distinct regimes described in the
main text; for each we provide the equation-of-state parameter w and the time-dependence of the
energy density. We indicate the timescales tann and tose, computed with eq. (4.12), which correspond
to transitions between the different regimes.

cubic term in the Taylor series expansion of the potential becomes smaller than the quadratic
term). In figure 4 we compare this approximation with a direct calculation of p(t) from the
numerical solution of the EOM and find good agreement.

Computing the DM relic abundance using eq. (4.7), we find

2 2-¢/2 1/2 2
fomh® | cale) ("50) x (mx ) (f ) , (4.13)
0.1 c2(2) \10° 1eV 2 x 109 GeV

where cy(€) is given by

—(24+¢€)/(24+2¢
ea(e) = (e = 1)** (= 1) (/@29 (| gy=e/0+) (4.14)

As before in section 4.1, the expression for the final abundance of DM is multiplied by a
factor of (mytese)®?/(3 + €)% with respect to the abundance produced by a standard ALP

o 0 g > 1y
It is important to verify that the energy density of the Universe is never dominated by

misalignment, and the oscillations start much later at tosc ~ ¢

the DM fields before they begin redshifting like matter, otherwise we modify the cosmological
evolution of the Universe. This is guaranteed in the overdamped phase if the initial dilaton

energy density is subdominant to the radiation energy density 3H2 , Mg, at the onset of the

,17,



anharmonic oscillations, leading to a constraint on the initial condition

3e—1) [ Xo \?
2(e +1) <Mom) o 9

This is trivially satisfied because Xq < k < Mp; where k = /3N2/272k. Later in the
anharmonic phase, the dilaton energy redshifts faster than radiation and is therefore always
subdominant.

As in the previous scenario, the matter power spectrum constrains the oscillation time
tosc when the dilaton and R-axion start to behave like cold matter. In analogy to eq. (4.9),
we have the bound

2+¢€
3+3e

2 -1
(e + 3)2

1

e—4)/3 _
ey P B > 42 x 1072 eV (4.16)

Hosc =

where egs. (4.12) and (3.8) were used.

5 Phenomenology

5.1 The dilaton

In this section we explore the phenomenological signatures of the ultralight dilaton DM and
its experimental constraints. These are determined by the coupling of the dilaton to the
SM, which we calculate here. In our setup the SM sector is sequestered from the dark sector
and the SM fields are elementary, rather than composite as in the original RS model [14].
Consequently, the dilaton — a composite state of the CF'T — couples very weakly to the
SM, with a suppression scale A much larger than the SSB scale f.

We can explicitly compute the dilaton-SM couplings in the 5D picture. The SM is
UV-localized and has a small wavefunction overlap with the IR-localized dilaton, so the
couplings are suppressed. To calculate them, we analyze the effect of the dilaton on the 4D
Planck scale after integrating out the extra dimension, resulting in the Jordan frame action

Seff D 7/d4$\/7 l( > 1] R — Agg/d4w\/jg72, (5.1)

where the second term is the contribution of a UV brane-localized Einstein-Hilbert term. We

identify the 4D Planck scale as M3, = M3 /k + Mg (in our convention Mp; = 1/v87G ~
2.4 x 10' GeV). We can go to the Einstein frame with the usual Einstein-Hilbert action by
performing a Weyl transformation g,, — QQQW with the scaling function

MS % 2
02 = M3 1-()
JENE

This Weyl transformation induces a coupling of the dilaton to the stress-energy tensor of

-1
M3 % 2
M =1 2 <) 4. 2

the matter fields through its variation of the matter action S™:
e

12M2

m 5sm _ Mg) X 2 vV —9 uy

T, (5.3)
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In the last equality we have written the interaction in terms of the canonically normalized
dilaton field ¥ = /6 M3/k3x. Expanding about the dilaton VEV, we see that the dilaton
couples linearly to the trace of the stress-energy tensor suppressed by the trans-Planckian
scale A, i.e.

63,
5
Assuming that the sign of the brane-localized Ricci term in eq. (5.1) is positive, Mg > 0,

leads to an upper bound k < v/6Mp;. Consequently, the coupling is bounded as A > v/6Mpy.
The same suppression scale can also be found in the CFT picture [19].

Ly_uy = %T[j, where A = (5.4)

The most important couplings derived from eq. (5.4) for experiments are the electron
and photon couplings:”

Ly—sm D % (meee + ’62(:)FWFW) , (5.5)
where m, is the electron mass and f(e) is the QED beta function. The action for a gauge field
is classically scale-invariant, so the trace of the photon stress-energy tensor is proportional
to the trace anomaly.

We fix the IR scale f by requiring the abundance of the produced ultralight dilatons to
match the observed abundance of DM via eq. (4.8) or (4.13), corresponding to the two choices
of initial conditions for the dilaton misalignment analyzed in section 4. The suppression
scale of the dilaton couplings to the SM is thus

1012 c1(e) <mx )1/4 (m)—3(1+5)/g

A 6 M X 01(2> 1eV 10_5 » X0 < Xmin 56
~ DPI ea(e) ( my \ /4 xmin\ 1/ : (5.6)
109 2 ( X ) <X0 Xmln) X0 > Xmi
c2(2) \1eV 100 ’ m

We take the ratio xo/xmin as & free parameter.

In figures 5 and 6 we show the possible mass m,, and coupling strength Mp;/A of the
dilaton, assuming that it makes up all of the DM. For figure 5 we assume that the initial
condition for the dilaton is xg < Xmin, corresponding to the scenario discussed in section 4.1.
We fix ¢ = 2 and show the parameter space that yields the observed DM relic abundance
for benchmark values xo/Xmin = 107!,1075,107%. The requirement that k is not larger
than the Planck scale leads to a lower bound on the dilaton mass, which is why the line
for xo/Xmin = 107! is cut off at My ~ 10719eV. The value of this bound depends on the
gravitino mass and the number of colors; for our plot we fix mg3/, =10eV and N = 5. Recall

Tt is traditional to normalize the dilaton interactions as in [12]:

Y /1
\/§>1<\4 - (ZdeF,wF”“ ¥ dmemeée) .

In this normalization, our dilaton couplings are given by

dme = \/5@7 de - 2/8(6) dme-
A e
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Figure 5. Exclusion plot for our ultralight dilaton with initial condition ¢ < Xmin, corresponding
to the scenario in section 4.1. The black lines show the dilaton parameter space for different choices
of the initial condition: Xo/Xmin = 1071 (solid black line), X0/Xmin = 10~° (dashed black line), and
X0/Xmin = 107° (dotted black line). We fix the gravitino mass mg/o = 10eV, the number of colors
N =5, and € = 2. The gray shaded region is only accessible if the dilaton mass is fine-tuned according
to eq. (5.7). The burgundy line indicates the parameter space accessible without a nonminimal
dilaton-inflaton coupling. We show constraints from fifth-force modifications of the gravitational
inverse square law (red shaded region) [59-62] and from structure formation (orange shaded region),
where we demand that Tos. 2 keV [see eq. (4.9)]. We also include projected sensitivities, adapted
from [5, 63], for an optical cavity-cavity comparison experiment (dashed brown line) [64], for the atom
interferometry experiments AION (dashed green line) [65] and MAGIS (dashed blue line) [66], for STOH
molecular clock spectroscopy (dashed purple line) [67], and for a variety of breathing-mode mechanical
resonators [68]: a helium bar resonator (cyan) [69], a sapphire cylindrical test mass (green) [70], a
micropillar resonator (blue) [71], and a quartz bulk acoustic wave resonator (purple) [72-74].

from section 4 that in the minimal scenario where the inflaton does not couple to the dilaton,
the initial condition is bounded as ¥, < 10° eV. Figure 5 shows that most of the parameter
space is inaccessible in this scenario.

In figure 6 we take the initial condition xo > Xmin, corresponding to the scenario discussed
in section 4.2. We again fix ¢ = 2 and show the accessible parameter space for benchmark
points Xo/Xmin = 10,103,105, We obtain upper and lower bounds on the dilaton mass from
the requirement Y, < k < v6Mp.

The naturalness bound in eq. (3.15) translates into an upper bound on the coupling
(equivalently, a lower bound on the dilaton mass) given by

Mpy < 21 My

A S (5.7)

— 20 —



m3/2:10 eV,N:5,€:2

v an AT
) : AION: P =
SIOH EMAGI'S:',‘: Optical (:z\\fitV}=' —%
1 : A '/ Fifth force .~ =~ =
N
. E
= eSS 2 pan -
0% ., S/ L L
i % LI '._ Y2 T ——— Xo Xmin = 10 %
§ E_ ....... 'XO/Xmm:lOs T 'XO/erxirl = ]_Od %
e~ | LS :
10077 L /7~ 1
,,,, _:
7 L
c / =
10_15E_ Resonators: %
E sapphire, pillar, quartz =
EI |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 ||||Ll|| 1 llllllll {11 S N7 -1 llllllll 1 lll_I.Iﬁ
10-10 107 1
my, (eV)

Figure 6. Exclusion plot for our ultralight dilaton, but with the initial condition xg > Xmin,
corresponding to the scenario in section 4.2. The black lines show the dilaton parameter space for
different choices of the initial condition: xo/Xmin = 10 (solid black line), xo/Xmin = 10° (dashed black
line), and Xo/Xmin = 10° (dotted black line). We fix the gravitino mass ms,» = 10€V, the number
of colors N = 5, and € = 2. The bounds are the same as in figure 5. For the structure formation
constraint Tos. = keV, we use eq. (4.16).

The region of parameter space in tension with this bound is depicted by the gray areas in
figures 5 and 6, fixing mg3/,, = 10€V.

The dilaton has no effect on tests of the equivalence principle because it couples to the
trace of the entire stress-energy tensor [12]. Instead, the main experimental constraint comes
from searches for fifth-force modifications of the inverse square law [59-62]. We also require
the dilaton to behave like cold dark matter at T' > keV, so as not to affect the matter power
spectrum [see eqs. (4.9) and (4.16)]. We remark that the relic density scales as m?2 / A26302 ,
where tosc is the time at which the DM fields begin harmonic oscillations. The matter power
spectrum effectively constrains tys., which is why the bound in figure 5 and figure 6 lies
along a line of constant m, /A.

We include experimental projections, adapted from [5, 63], for an optical cavity exper-
iment [64], atom interferometers [65, 66], STOH molecular clock spectroscopy [67], and a
variety of mechanical resonators [68-74]. These could further probe the parameter space for
dilaton masses in the 10714-1078 eV range. However, none of these experiments would probe
parameter space that is not already in tension with the naturalness bound, eq. (5.7).

Refs. [75, 76] studied the impact of thermal corrections on the scalar DM potential due
to the SM bath, and have shown that for sufficiently strong DM-SM interactions, these can
displace the scalar from the minimum and lead to additional DM particle production through
misalignment. Their analysis suggests that within the natural region in the mass range
of m, ~ 107% — 16V and coupling strengths d,,, = \/§Mp1/A ~ 1076 — 107?, the thermal
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contribution to the dilaton potential could reproduce the measured DM abundance. We
have neglected thermal effects on our model and leave a detailed study of this production
channel to future work.

The hallmark of the dilaton is that it couples to the trace of the stress-energy tensor as in
eq. (5.3). This universal coupling has some distinctive phenomenological consequences that
are worth emphasizing. First, as stated previously, the dilaton does not lead to violations
of the equivalence principle, but still induces a Yukawa-like modification to the Newtonian
gravitational potential. Moreover, the couplings of the dilaton to the different SM fields
are correlated. For example, if the dilaton were discovered by an experiment sensitive to
oscillations of the electron mass, one could extract the dilaton mass and coupling strength,
and then use them to make a prediction for the oscillation of the fine-structure constant.
These effects — the modification of the inverse square law without violating the equivalence
principle, and the correlated couplings to different SM fields — allow our ultralight dilaton
to be distinguished from a generic scalar.

5.2 Constraints for the R-axion and the Dilatino

Finally, we comment on the phenomenology of the R-axion 1 and the dilatino @. In appendix C
we determine their couplings to the MSSM by applying a supersymmetric version of the Weyl
rescaling argument that we used in section 5.1 for the dilaton couplings. As expected from
SUSY, the leading interactions are dimension-five operators suppressed by the same trans-
Planckian scale A as the dilaton interactions with the MSSM [cf. egs. (C.10) and (C.11)].
This implies that the R-axion and the dilatino are practically invisible in all terrestrial
experiments. Even for the smallest possible suppression scale (A = \/gMpl) the R-axion
couplings are several orders of magnitude below the existing and projected limits of the
axion-electron, axion-proton, and axion-neutron couplings [63]. It is also evident that all the
modulus components cannot thermalize with the MSSM during the cosmological history of
the Universe, and will not be produced in significant quantities by MSSM decays.

Gravitino decays can produce relativistic dilatinos due to their much heavier mass,
ms/y > mg [cf. eq. (3.10)]. We assume that the dilaton and the R-axion constitute the
majority of DM and that, regardless of how many gravitinos have been produced by the
hidden sector dynamics, they make up only a small fraction of the energy density of DM.
Consequently, the energy density of the warm dilatinos that are produced by gravitino decays
must be small, in accordance with current bounds on warm DM [77-80].

Furthermore, gravitino decays to dilatinos are rare because their coupling is suppressed;
this coupling is determined by the dilatino’s interaction with the goldstino G (the Nambu-
Goldstone mode associated with broken SUSY). The gravitino gets its mass by eating the
goldstino via the super-Higgs mechanism. The goldstino couples to the fermion component
O of the operator in the UV, which we can parameterize by setting the spurion-fermion
component to ¥ = & /Mpy in section 3.2.° By plugging in S into the effective Lagrangian
in eq. (3.2) we obtain a goldstino-dilatino-dilaton interaction

o 1T (Xmin
G-w 2 Mp; k
The goldstino couples very weakly to the dilatino, so gravitino decays are extremely rare.

2¢
) wG + h.c. (5.8)

8We obtained this normalization of ¥ because we set ¥ dimensionless, see the paragraph above eq. (3.2).
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6 Conclusions

In this paper, we presented a model of ultralight dilaton DM. The main challenge is that the
dilaton mass and the IR scale are naturally of the same magnitude, whereas cosmological
observations require a large hierarchy between the mass and the field oscillation amplitude.
We circumvented this issue by constructing a supersymmetric dilaton model in which this
hierarchy is protected by SUSY without fine-tuning. We then studied the production of
dilaton DM through misalignment, where we found that the noncompact field range of the
dilaton and the anharmonic shape of its potential significantly alter the final abundance.
Although there is a wide range of viable parameter space for our model, to the best of our
knowledge, no existing or proposed experiments can probe it.

The spontaneous breaking of scale invariance in our SCFT is tied to SUSY-breaking:
when SUSY is conserved the dilaton VEV vanishes and the CFT is unbroken, but when
SUSY-breaking effects in the UV are taken into account, a nonzero IR scale is generated.
This construction was necessary to control the SUSY-breaking corrections to the dilaton
mass, which would otherwise make it too heavy to be a viable ULDM candidate. This
led to an unusual stabilization mechanism where the conformal breaking is triggered by
an irrelevant operator, and an exponentially small coupling A on the IR brane generates
the UV/IR hierarchy. The same small parameter also controls the dilaton mass/IR scale
hierarchy. While A is protected by SUSY and thus technically natural, we have not presented
a dynamical way to generate a small .

Although the low-energy dilaton EFT appears simple, our underlying UV model is quite
involved, requiring SUSY in addition to a CFT (or extra dimensions in the holographic
dual), as well as an elaborate stabilization mechanism that is far from generic. Another
drawback in our model is that most of the parameter space is only accessible with nonminimal
dilaton-inflaton couplings which require additional model-building. While a consistent
model is possible without fine-tuning, it ends up somewhat contrived and difficult to probe
experimentally, disfavoring the possibility of ultralight dilatonic DM.
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A The low-energy modulus EFT from the warped 5D picture

In this appendix we derive the low energy modulus EFT

3N2 wTw w) €
= dg |21 T had
£eﬁ /d9[4 2(0(4) 2([{;)

C14e
The derivation assumes that SUSY-breaking effects and the parameter A are both small,

2

+/d29w3 [/{—I—)\E <‘Z>] the  (A)

which allows us to neglect corrections to the formula above. This set of assumptions is
consistent with the SCF'T model described in the main text in section 3, where we make
use of this EFT to analyze the dynamics of the modulus field in low energies. We utilize
the AdS/CFT correspondence to derive this EFT by calculating the effective Lagrangian of
the supersymmetric radion field in the dual supersymmetric RS model.

A.1 SUSY in the RS background

We work in the RS background on an S'/Zs orbifold, using the circle coordinates denoted by
y € [0,27] for the compactified dimension. The UV and the IR branes are identified with
the orbifold fixed points y = 0, 7w, respectively. The metric is given by

ds* = e 27", do* dz” — r* dy?, (A.2)

where r is the radius (the radion) of the extra dimension, o = k|y| and k is the AdS curvature.
This metric solves the Einstein equations when the bulk CC is A, = 6M2k? and the brane
tensions are tuned to Ag = —A, = Ay/k, where M5 is the 5D Planck scale.”

The supersymmetric extension of the RS model was presented in [81] using N’ = 1
superfields. The radion is promoted to a chiral superfield

T =1 +ib+ V20U + 0°Fy, (A.3)

where b is the 5th component of the graviphoton, ¥ is the 5th component of the right
handed gravitino and Frp is a complex auxiliary field.

We introduce a bulk hypermultiplet (®,®¢) (written as two N = 1 chiral superfields
with orbifold parity assignments (+, —)) that is dual to the operator O in the SCFT [38]. Its
mass is parameterized by the dimensionless number ¢ [82], which is related to the anomalous
dimension € of the operator O via ¢ = % + € (for ¢ > 1/2, which we assume throughout). The
matter fields generate a potential for the radion that stabilizes it at a finite value, which is
interpreted in the SCEF'T as the generation of the IR mass gap by the weak deformation in the
UV. This is the supersymmetric version of the Goldberger-Wise mechanism [24] (see also [83]).

The 5D Lagrangian of the bulk matter fields is given by [81]

m / d49%(T +THe o™ (31 + oo
. (A.4)
+ / d%ge=31T° [2<I>Cayq> + To'®°® 4+ Wo(®)d(y) + W (®)d(y — 7)| + h.c.

5y is the double-sided derivative and Wy . are the brane superpotentials, which are functions
of the even ® and possibly other brane-localized fields. The brane-localized superpotentials

9In our convention the 5D Einstein-Hilbert Lagrangian is —%Mg’\/gR5.
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cause the bulk superfield (®, ®) to obtain VEVs on the branes, similar to the brane-localized
potentials in the usual Goldberger-Wise mechanism [24]. After integrating this Lagrangian
over superspace, the Lagrangian of the on-shell chiral superfield in the RS background is
recovered [82]. The e=°T warp factors in the Kihler potential and in the superpotential
should be understood as a rescaling of the conformal compensator, which is equivalent to
the rescaling of the metric in the AdS solution in eq. (A.2).

It is convenient to introduce rescaled matter fields whose zero-mode profile will be flat
across the extra dimension,

b= ‘I’e(c_%)UT, = poel~c2)T, (A.5)

This eliminates the warp factor and the mass term in the bulk superpotential in the matter
Lagrangian, which is now

m_ / 44X (T + T {@Tée(%c)o(ﬂm n .i)C(i)CJre(%+c)a(T+TT)}
2
A.6)
lice - . . (
+ / 20 [2@ 3,® + Wo(8)8(y) + e 3T W, (Selz ™) 5(y — n)} +h.c.

A.2 Effective 4D lagrangian for the dilaton

The VEV of the radion (r) determines the size of the extra dimension and hence the Kaluza-
Klein (KK) scale. In the SCFT picture this corresponds to the IR scale where spontaneous
breaking is triggered, which is determined by the dilaton VEV (x). At energies below the
KK scale the dynamics in the fifth dimension can be integrated out, and the relevant physics
is captured by an effective 4D Lagrangian. For the supersymmetric radion T, the effective
Lagrangian after dimensional reduction is given by [37]

M3 M3
Log— 375 / a'f (eI 1) 4y = 3k35 / dowlw — B2+ L0 (A7)
In the second equality we defined the superfield w, which we identify as the modulus of
the dual SCFT,

w = ke T (A.8)

The Kéhler potential in eq. (A.7) originates from the dimensional reduction of the pure
5D SUGRA Lagrangian in the RS background [37]. We obtain the kinetic term w'w of the
radion/modulus superfield, the same way it is found in non-supersymmetric RS [25]. The extra
—1 factor, which would vanish after integrating over the rigid superspace coordinates used
throughout this paper, provides the correct coefficient of the Ricci term M3 /2k(1 —e~27F") in
RS [14] when we add the appropriate measure to d*f in SUGRA (see appendix C). Using the
holographic relation N? = 472(Mjs/k)? [84], we see that this modulus kinetic term matches
the first term of the Kéhler potential in eq. (A.1).

The second L term in eq. (A.7) is the effective 4D Lagrangian obtained from additional
matter in the bulk, whose backreaction on the RS metric in eq. (A.2) is assumed to be
small. It is clear that without this bulk contribution in eq. (A.7), the modulus field is

massless and the radion VEV is undetermined (corresponding to a purely spontaneously
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broken SCFT). The bulk contribution to the effective Lagrangian is obtained by plugging in
the VEV profiles of the matter fields into the 5D bulk matter Lagrangian £5' and integrating
over the fifth dimension [26].

In our case, we introduce a chiral superfield (®, ®°) in the bulk to stabilize the radion.
The 5D Lagrangian of the bulk matter is given in eq. (A.6). The VEV profiles of ® and ®°
are the zero-mode (z*-independent) solutions of the equations of motion (EOM). We obtain
the EOM by varying £5' with respect to ® and & and fixing the modulus components to
their VEVs, and these turn out to be a pair of coupled first-order differential equations due
to the Kéhler potential in eq. (A.6). These are difficult to solve in general, but under our
assumption that SUSY-breaking effects are small (i.e., the SCFT is nearly supersymmetric),
we can set (Fr) = 0 and ignore the Fp and F§ terms arising from the Kéahler potential. In
total, the simplified EOMs do not involve the Kéhler potential and are found to be

« A oW, ow.
0,2 =0, 9,8 = —26(y) +e T
Y Y 9% (Z/) 9%

The ®,®° bulk solutions (i.c. the solution to the EOM where the singular terms are ignored)

Sy — 7). (A.9)

are constant, corresponding to the zero-mode bulk profiles
B(y) = Boez T, B(y) = BGel2 T, (A.10)

All the components of ®, ®° have exactly the same wave function across the extra dimension,
as expected in the SUSY-conserving limit. By matching the discontinuities in the bulk ®¢
solution with the singular terms induced by the brane superpotentials Wy, W, we find that
the zero-mode boundary values are fixed by the jump equations

_ 19Wo 1OWx e—(%—i—c)ﬂkT.

C —

c_ -2V __Z
209 | _, 20®|,_,

(A.11)

This is the supersymmetric version of the boundary conditions used in the Goldberger-Wise
construction to fix the unknown coefficients of the bulk solution [24].

Observe that a SUSY-breaking VEV for Fp on the UV brane leads to nonvanishing
Fg, Fg # 0 profiles in the bulk, which in turn source corrections to the zero-mode profiles of
the scalar components ®, ¢ through the Kéhler potential terms we neglected in eq. (A.9).
The inclusion of these corrections will result in different profiles for the different components
of ® and ®¢ due to SUSY-breaking effects [85]. In the small SUSY-breaking limit we consider,
we do not need to find these corrections explicitly.

Now we plug in the zero-mode profiles & and & into L in eq. (A.6). The bulk
superpotential piece ‘i)cqu; vanishes,!? and we are left with the Kéhler potential and the
brane superpotential contributions

——| Q05 (T + T1) [ Bel 3o HT) 4 G elhrior )]
(A.12)
+ / %0 [Wo (®)d(y) + e T W (eI T)5(y — )] + hec.

10When plugging in the zero-mode profile in Byti’c, one must carefully include the contribution of the singular
pieces on the branes to see that it vanishes. It is easier to integrate by parts and replace the double-sided
derivative by <i>c8y<i>, which has no ambiguity about the singular terms on the branes, since in the orbifold
integrals of total derivatives are always zero.
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Next we integrate this expression over the extra dimension to obtain the effective 4D
Lagrangian of the bulk matter fields and express it in terms of the modulus field w,

fw/k2)e2 — 1 (wiw/k?)=c"2 — 1
n [ 4y | @@, oot
off / l T A ok T ®0%o A +ok

+ / 020 [Wo(®0) + (w/F)* Wi (o (w0 /F)°3)] + e,

(A.13)

Egs. (A.13) and (A.11) determine the bulk matter contribution to the effective Lagrangian
of the modulus below the KK scale.

A.3 An appropriate choice of brane superpotentials for our model

Here we choose specific brane superpotentials that will generate the effective modulus
Lagrangian we analyzed in section 3. On the UV brane a quadratic superpotential will give
® a VEV, and on the IR brane we put a constant term and a small tadpole,

Wo = a(1®® - Z®k32), W, = wk® + A8/ (A.14)

3’ and all the coefficients are dimensionless. X on the UV brane corresponds to the spurion
couplings of O in the equivalent SCFT [cf. eq. (3.1)], and its auxiliary term Fy, is assumed
to be small so that the theory remains nearly supersymmetric. The constant term xk3 in the
IR superpotential is a mistuning of the IR brane tension, and accordingly will generate a
scale-invariant quartic term x* in the dilaton potential. x and X in the IR superpotential can
be taken to be zero or extremely small by virtue of the nonrenormalization theorem.

We solve the supersymmetric jump equations in eq. (A.11) to find the UV initial conditions,

By = TkK3/2 — 2 (‘;) W2 = (“’) w3/2, (A.15)

When ) is small and the bulk mass c is fairly large, the odd field vanishes (®¢ = 0) and
&, = Tk3/2. Plugging these back into eq. (A.13), the dominant contribution to the effective
4D Lagrangian for the modulus field is (disregarding terms independent of w)

1
28 (wiw)\ 2 =3
g;f:_kQ/d“e 1 (‘;;’) +/d29w3 K4 A (“’) ’
1
2

k
Recalling that the mass of the bulk field (®, ®°) is related to the anomalous dimension of the
corresponding operator O via ¢ = % + €, we obtain from the equation above the remaining

+he4...  (A.16)

interactions of the effective low energy modulus Lagrangian in eq. (A.1).
The additional terms we disregarded above are explicitly

i3
a2 [ g (@ T2l (wTw/kQ)cfé -1 l(wTw/kQ)fc*% -1
=R [t (2 1 N ;
K ]2 27 ¢ 4 3 t¢

|

c+32 T 2ye—1 2 2c
_k2)\/0_l402T (w) 2 (w w/lk )T -1 A/d26w3 (w> Y he
a z I 2a k

The first line gives O(\?) corrections to the Kéhler potential, which we neglect because \
is small. Similarly, we ignore both terms in the second line because they are suppressed by
~ )\(w/k)CJr% w.r.t. the Kahler potential and the superpotential in eq. (A.16), respectively.
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B Dilaton energy density evolution

In this appendix we study the time evolution of the DM fields and their energy density to
derive eq. (4.11). Our starting point is the effective Lagrangian eq. (4.2). Assuming spatially
homogeneous fields ¢ = ¢(t), ¥ = 9¥(t), if we measure time in units of 1/m, (t — t/my),
the Lagrangian takes the simple form

1¢2192_ 1 ¢2+26 B ¢3+e
2 1\2+4+2 3+e€

1
2(e2 +4e+3)’

Eeﬁ‘ — 1¢2+
m2f 2

cos[(3 + 6)’[9]) + (B.1)

—V(¢.9)

where V' (¢, 9) is the potential normalized in units of mi f2. For the large ¢ under consideration
we can neglect the constant term in the potential. The EOM during RD are

¢+ ¢ o9 + g‘; 0, ¢21§+%¢219+2¢¢19+% 0. (B.2)

We are interested in the energy density p, which is given (in units of mi )b

= B PP LV (6,0). (B.3)

For a large initial condition ¢g > 1, we approximate the effective potential as V =
#?T2¢/(2(¢2 — 1)). Thus, the initial energy density is

2+42¢
Pinitial ~ m (B.4)
Note that since the approximate potential is central (independent of ¢), the ¥ EOM is trivial.
The approximate EOM for ¢ is then

0—¢+ ¢>+ ¢1+2€ (B.5)

We can rewrite this equation in terms of rescaled variables z = ¢/¢o and 7 = ¢,

d?z 3 dz 1 2

0=S24 2
d7'2+27'd7' e—1

(B.6)

This rescaling makes it manifest that the field at z = 1 is frozen by Hubble friction until a
characteristic timescale T, ~ 3(e — 1)/2, or equivalently until

el e (B.7)

2(:anh -

So for t < tann we have p(t) = pinitial-

Once t > tunn, the DM undergoes complicated anharmonic oscillations, but we can

identify a simple scaling behavior for the energy density. In the absence of Hubble friction,

p would be conserved. Using the equations of motion, we can write the time derivative

of the energy density as
dp

_ 2 252
i 3H(¢* + ¢“9°) =

dlogp

RCET)

= B.8
dlogt P (B.8)
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The fraction on the right hand side is the ratio of kinetic energy to total energy. To simplify this
equation, we can average the right-hand side over one oscillation period. Again approximating
the potential as a $?72¢ power law, the virial theorem implies that the average fraction of
kinetic energy is (1 +€)/(2 + €). Eq. (B.8) then implies a simple power-law scaling

o CL_6(1+E)/(2+€). (B.g)

gat2e ¢\ 30146/ (2+6)
*~ 5= )

2(62 — 1) tanh

Note that in this regime the energy density is always redshifting faster than radiation,
since € > 1.

Eventually, the fields fall in toward the minimum at ¢ = 1,9 = 0. Once they have
dissipated enough energy, the fields remain close enough to the minimum that the potential is
well approximated by a quadratic function. By expanding the potential about the minimum,
we find that this occurs when the energy density falls below p = 1/(3 + €)2, which according
to eq. (B.9) occurs at the time tosc:

(3+¢€)?
e -1

2+2
tosc - d)o ¢

(2+€)/(343¢)
] tanh . (B 10)

For t > tose the fields undergo harmonic oscillations about the minimum of the po-
tential, with the energy density redshifting like a3 (cold matter). Combining this with
egs. (B.7), (B.9), and (B.10) yields the piecewise expression for the energy density stated
in eq. (4.11) in the main text.

C R-axion and dilatino couplings to the MSSM

In section 5.1 we derived the dilaton-SM couplings by moving from the Jordan frame to
the Einstein frame with a Weyl transformation g,, — Q2g,, as written in eq. (5.2). This
procedure can be extended to the entire modulus supermultiplet in SUGRA, which we use
here to derive the couplings of the R-axion and dilatino to the MSSM fields. We use the N =1
superspace formulation of 4D SUGRA of [86, 87], where in the Jordan frame the Lagrangian is

Csvena :/d4ef(<1>i,q>g)+/d29W(<1>,~)+h.c. (C.1)

®, = {D;,1;, F;} are the chiral superfields of the theory (<I>;r are their hermitian conjugates), f
is the superspace kinetic energy and W is the superpotential. We disregard gauge interactions
for simplicity, since they are classically scale-invariant and thus unaffected by a Weyl trans-
formation. @ and # should be understood as “curved” superspace coordinates that transform
under local Lorentz transformations like z* in GR, and the gravity supermultiplet enters
through super-determinants in their measure (implicit in our notation) like /—g in GR.
The complete calculation of the component-level Lagrangian from eq. (C.1) is explained
in [86, 87]. Here we highlight the important details relevant for our purposes; the Ricci term
obtained from eq. (C.1) is Ly = —% f(®;,®%)\/=gR4 which is noncanonical, and likewise
the gravitino kinetic term is also noncanonical. To move to the Einstein frame, where

— 29 —



Lrg = —%Mgp/ —gR4 and the gravitino is canonically normalized, one performs a Weyl
transformation and a gravitino shift. In this frame the Kéhler potential is

K = —3Mp In[— f(D;, BF) /3My). (C.2)

In our case, this noncanonical Kéahler potential will include higher-order terms that induce
interactions between the modulus and the MSSM fields. The novel R-axion and dilatino
couplings are found by examining the SUGRA fermion Lagrangian, specifically the kinetic
term and the 2-fermion interactions, given by
1
V=g

where the subscript [J; ([J;) is the derivative with respect to ®; (®¥). The fermion derivatives

; L 1 o
Ly = %Kﬁ(WT&M Dy’ — Dyy'taty’) — QeK/QME‘DiDjWWW the, (C.3)

are covariant with respect to the Kéhler manifold and its U(1)-connection,

1

Dyt = 80" + 1,0, 7k — W(Kjauqﬂ — K;0,97)0. (C.4)
Pl
I‘; =K ﬁng i is the Christoffel symbol of the Kéhler manifold. The superpotential derivatives
are defined as
KW
DzW = Wz + : ;
Mp, (C.5)
K;w  K,D;W  K;D;W K,K;W '

D;D;W = W;; + — T}, DpW.

Mg, Mg Mg, Mg,
To determine the correct Kahler potential in our model, we start with the supersymmetric
extension of the effective 4D Lagrangian in eq. (5.1),

3ME [wl

Ly = /d49 l - (‘“’w - 1) —3M2 + @T@] + /dQGW(‘I’) +hec. (C.6)
The first term is the effective 4D SUGRA Lagrangian obtained after integrating out the
extra dimension in RS [37], and the second term is a localized Ricci term. @ stands for any
UV-localized chiral superfield. According to eq. (C.2), the appropriate Kéhler potential is

M2+ M3 (1 w*w) *e | 3ME
Mg, kMg,

_ 2 0 2 5%
K——3Mpllnl — k2 _3M1%1 k3ww+QCI)<I>
* (C.7)
w*w
—w” 14+ — | ®*0.
ww+ ( + 3 MI%1>
In the small-field limit, we recover the Weyl transformation Q2 in eq. (5.2), and the arrow
indicates that we canonically normalized the modulus field.

We compute the modulus-MSSM interactions by plugging in the Kéhler potential in
eq. (C.7) above into the fermion Lagrangian in eq. (C.3). The fermion field must be canonically
normalized as Qi — 1. After this redefinition, we recover the usual coupling of the dilaton
to the fermion masses that are generated by the superpotential W = %mq)z,

1
£MSSM—X D) —igmde + h.c. (CS)
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This is in agreement with the dilaton-electron coupling in eq. (5.5), which is found by the
usual Weyl transformation. The covariant fermion derivative in eq. (C.4) induces a derivative
R-axion coupling in addition to the standard kinetic term,

1 1 it i it = i X2 it = 7
ﬁﬁlﬁ 2 5@ Taua;ﬂ/’ — Ot f5t) )+ 6MZ, oY Tt (C.9)
After canonical normalization of the R-axion as xmin®? — ¢}, we see that the R-axion couples

derivatively to the axial fermion current with the same strength A as the dilaton couples
to TH [cf. eq. (5.4)],

1
LrssMey = Kalﬂ%]ﬁ. (C.10)

By choosing 9/ = & in eq. (C.3) we obtain the dilatino couplings,

w i~ 1 R =
Taagg, Ve e~ 1 OWahaco, ya"hiv, phhi). (C.11)

Lyssm-o D
Here y stands for the Yukawa couplings, g for quarks and leptons, ¢ for squarks and sleptons,
h for the Higgs scalars, h for the higgsino and y is the usual p parameter.

In summary, the interactions of the MSSM with all components of the modulus super-
multiplet are suppressed by the same trans-Planckian scale A defined in eq. (5.4). The
implications of the R-axion and dilatino couplings to the MSSM are discussed in section 5.2
in the main text.
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