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We propose the Optomechanical Dark-matter Instrument (ODIN), based on a new method for the direct
detection of low-mass dark matter. We consider dark matter interacting with superfluid helium in an
optomechanical cavity. Using an effective field theory, we calculate the rate at which dark matter scatters
off phonons in a highly populated, driven acoustic mode of the cavity. This scattering process deposits a
phonon into a second acoustic mode in its ground state. The deposited phonon (peV range) is then
converted to a photon (eV range) via an optomechanical interaction with a pump laser. This photon can be
efficiently detected, providing a means to sensitively probe keV scale dark matter. We provide realistic
estimates of the backgrounds and discuss the technical challenges associated with such an experiment. We
calculate projected limits on dark matter—nucleon interactions for dark matter masses ranging from 0.5 to

300 keV and estimate that a future device could probe cross sections as low as O(107%?) cm?.
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I. INTRODUCTION

Cosmological and astrophysical observations provide
strong evidence for the existence of dark matter [1].
Understanding its fundamental nature remains one of the
most important problems in particle physics, astrophysics
and cosmology. One avenue to achieve this is direct
detection, wherein dark matter in the Milky Way halo
interacts with a terrestrial detector, leading to a measurable
energy deposit. There is now a highly advanced exper-
imental program dedicated to searching for dark matter at
the electroweak scale [2—-5]. These experiments have made
spectacular progress in probing the properties of dark
matter, but have not yet revealed a compelling signal.
Consequently, there has been much interest in designing
new experiments to target unexplored regions of dark
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matter parameter space, particularly at lower dark matter
masses [6].

Experimental proposals over several decades have
considered superfluid helium as a target material [7—10],
with increasing theoretical attention over the past few
years [11-18]. Recent experimental proposals have
focused on nuclear scattering leading to the quantum
evaporation of helium atoms, which can then be detected.
There are a number of proposals at various stages of
development based on this idea, including HeRALD [19],
DeLIGHT [20], ALETHEIA [21], and others [22,23].
These experiments are projected to be sensitive to dark
matter masses above O(1) MeV.

At even lower dark matter masses, the relevant target
degrees of freedom are no longer helium atoms (or nuclei)
but phonons. In this paper, we propose the Optomechanical
Dark-matter Instrument (ODIN). ODIN is based on a
different detection modality for dark matter scattering on
superfluid helium that will be sensitive to this largely
unexplored regime using an optomechanical read-out sys-
tem. The optomechanical interaction enables the transduc-
tion of low-energy (undetectable) phonons into high-energy
(detectable) photons. With the recent advances of superfluid
optomechanics, for example the demonstration of phonon
counting with O(peV) phonons [24], we believe our
proposal could be implemented with existing technology.
This low-energy sensitivity provides access to dark matter in

Published by the American Physical Society
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FIG. 1. Schematic diagram of the Optomechanical Dark-matter

Instrument (ODIN). Dark matter scatters off a highly populated
phonon mode (scattering mode), which is optically pumped by a
1064 nm laser. The scattered phonon is converted to an anti-
Stokes photon through the optomechanical interaction with a
532 nm laser. The presence of that photon is registered by a single
photon detector after passing through a series of optical filters.

the keV mass range. This is well below the reach of existing
experiments, and also probes a very different mass regime
from other recent proposals to use optomechanical systems
to search for ultralight dark matter [25-29]. Another novel
feature of ODIN is its ability to modulate the dark matter
scattering rate by controlling the phonon density of specific
acoustic modes. This could enable lock-in detection, sepa-
rating the dark matter signal from DC noise sources and
providing a pathway to improved sensitivity with fixed
target volume.

II. OPTOMECHANICAL DETECTION

A schematic optomechanical detector is shown in Fig. 1.
The system is based around a cavity filled with superfluid
helium; the cavity simultaneously confines optical and
acoustic waves with high spatial overlap [30]. The acoustic
waves correspond to density fluctuations in the superfluid
(i.e., first sound). Incoming dark matter scatters in the
superfluid helium, exciting a phonon. Through the opto-
mechanical interaction with a pumped optical mode, this
phonon is converted to an anti-Stokes photon in a resolved
sideband [30-32]. This photon is subsequently detected by
a single photon detector after filtering of the optical pump.
The system is thus in effect a single-phonon detector.
Operating at a temperature of 7'~ 4 mK, the estimated
background rate is O(1) event/day.

The optomechanical system described above is a
narrow-band detector, sensitive to energy deposition into
a specific phonon mode (the readout mode) that is
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FIG. 2. (a) Energy transfer between the two modes. The
acoustic scattering mode is populated by optomechanical ampli-
fication from the corresponding optical mode. The acoustic
readout mode is depopulated by cooling into the corresponding
optical mode, read out by the photon detector. In both cases there
is also energy transfer with the thermal bath. (b) Energy transfer
between the optical modes (top) and mechanical modes (bottom)
shown in terms of frequency.

determined by the frequency of the optical pump.
Scattering dark matter can, however, excite any of the
kinematically allowed phonon modes; hence, the scatter-
ing rate into the readout mode suffers from a significant
phase space suppression. To overcome this we utilise
phonon lasing [33] of a second mechanical mode (the
scattering mode). The dark matter-induced transition
between the scattering and readout acoustic modes then
benefits from a large Bose enhancement, proportional to
the phonon occupation number of the scattering mode. The
phonon lasing is achieved by optomechanical amplifica-
tion via a second pumped optical mode. The detection
mechanism is summarized in Fig. 2(a).
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The key aspect of the optomechanical interaction is the
coherent conversion between phonons and photons, medi-
ated by a strong optical control field. This enables the
controllable extraction and deposition of phonons from/to
specific mechanical modes. Our detector proposal requires
the optomechanical control of two distinct mechanical
modes, the scattering mode and the readout mode, which
are amplified and cooled, respectively, through their
interaction with pairs of optical cavity modes as shown
in Fig. 2(b). The mechanical modes of interest are coupled
to specific optical modes via the Brillouin interaction.
With this interaction, the photons can induce strain in the
superfluid due to electrostriction, and the phonons can
scatter light via refractive index modulations due to
photoelasticity [30,33].

Here, we describe the generalized interaction between
a single mechanical mode and two optical modes. This
formalism applies to both the amplification (red) and
cooling (blue) processes shown in Fig. 2. The optome-
chanical Hamiltonian that governs the interaction between
each mechanical mode and the corresponding optical
modes is given by (setting 7 = 1) [34],

H = a)za;az + a)laJ{al + me;fnbm
— go(a1a} + aya}) (b, + bh), (1)

where a;, a, and b,, are the annihilation operators for the
two optical modes and the acoustic mode, with resonance
frequencies of w;, w,, and Q,,, respectively. To boost the
weak single-photon optomechanical coupling rate, g,, we
engineer the frequency difference between the optical
modes to be equal to the mechanical frequency [i.e.,
Q,, = +(w; — w,)]. This results in a three-mode resonant
enhancement of the interaction, reducing the optical power
required to control the acoustic mode [34]. By injecting a
strong control field into the w; mode, the relevant inter-
action Hamiltonian simplifies to

—g(a;bm + bLaQ), W, < wy,

H; = 2
" {—g(a;bfn + bjna;), W > Wy, @
where g = /N, g is the optomechanical interaction boosted
by the number of photons, N, in the control field. Under this
strong control field, one can derive the Heisenberg-Langevin
equations of motion for the dynamics of the photon and
phonon modes (see appendix D for details). Solving the
resulting coupled equations, the rate of phonon amplifica-
tion/cooling from the optomechanical interaction, in the
resolved sideband regime (€2, > «), is [32,34]

4q°
FCom=+t—, (3)
K
where « is the optical loss rate of the cavity. In the case of
amplification (i.e., the scattering mode), the acoustic mode

will experience phonon lasing when |I'y,| > T',,, where I,
is the mechanical loss rate, increasing the phonon occupation
until saturated. In the case of cooling (i.e., the readout
mode), the majority of phonons that enter the system are
removed through the optical channel if Iy, > T,,.

III. DARK MATTER SCATTERING RATE

We consider spin-independent dark matter—nucleon inter-
actions, which can be expressed as a coupling between dark
matter and the number density of the superfluid. The latter
can in turn can be written in terms of a phonon field ¢, with
phonons in the superfluid well-described by an effective
field theory [35]. This yields three- and four- point dark
matter—phonon interactions, yy¢ and yy¢¢ respectively,
where y denotes the dark matter (taken to be a real scalar for
illustration). Earlier works [11-14,16] have calculated the
rate for dark matter to excite either one or two phonons in
bulk superfluid, y — y¢ and y — y¢¢p. Here, we are
interested in the stimulated scattering process y¢ — y¢
between phonon modes in the cavity. At leading order in
the dark matter—phonon interactions there are two con-
tributions to the scattering rate, shown diagrammatically in
Fig. 3. Notice that the right diagram proceeds via an
intermediate phonon and the anharmonic 3-phonon inter-
action. When the mediating phonon is on-shell, this
contribution is proportional to the acoustic quality factor
Q = Q/T',, and provides the dominant contribution to the
scattering rate when Q > 1.

Neglecting the sub-leading contribution from the left
diagram and integrating over the local dark matter velocity
distribution, f,(v), the scattering rate is (see appendices A
to C for derivation)

p,0 Q,.Q
R =85> Z2|F, (q)]°n,Q° =5 (1 + 16)?
m)( mHeCS

x / Po(f,(7) + £, (7))

x5<Q,—QS—<q2-5—%>)- (4)

Here, p, is the local dark matter density, m, is the dark

matter mass, and o, is the dark matter-nucleon scattering

X X X X

)
o /\Qr

QS /\ Qr
FIG. 3.

Leading-order contributions to the dark matter—phonon
scattering rate. Phonons are represented by double lines.
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cross section. The number density of phonons in the
scattering mode is denoted by ng, the sound speed by c;
and the Griineisen parameter by ys;. The momentum
transfer ¢ = (Q, — Q,)/c, is fixed in terms of the scatter-
ing and readout mode energies, €2, and Q, respectively, and
is aligned/antialigned with the longitudinal direction of the
cavity, 2. The dark matter interaction form factor F,(q) is
therefore a constant, determined by the reference momen-
tum that defines the cross section o,,; henceforth, we fix
F,(q) = 1 without loss of generality.

Notice that, perhaps counter-intuitively, the scattering
rate in Eq. (4) does not scale with the volume of the
detector; instead, it is proportional to the number densities
of both the scattering phonon mode and the dark matter.
This is because the scattering process involves specific
initial and final state phonon modes, in contrast to the more
familiar situation where one sums over final states within
some energy range.

There is another process, closely related to that calcu-
lated above, where dark matter scatters off low-energy,
thermally populated phonons instead of the coherent
scattering mode. For an experiment running at temperatures
of a few mK and with a large phonon occupation in the
scattering mode, this contribution to the signal is negligible.

Finally, while our focus in this letter is superfluid helium,
it is worth noting that an analogous two-phonon process
will occur in crystals. This raises the possibility of using a
highly populated phonon mode to enhance the dark matter
interaction rate in proposed solid-state detectors for low-
mass dark matter. The relevant scattering rate could be
computed using the methods of Ref. [36].

IV. PROJECTED SENSITIVITY

To estimate the achievable sensitivity, we now consider a
specific realization of the ODIN proposal. An important
feature of the system is the resonantly enhanced optome-
chanical interaction, where each acoustic mode is controlled
via scattering between two optical modes (see Fig. 2). The
frequencies of the two mechanical modes are 460 MHz and
920 MHz. These interact with laser control fields that have
an optical wavelength equal to twice the acoustic wave-
length, corresponding to 1064 nm and 532 nm, respectively.
To ensure the system is triply resonant (i.e., ®; — @, = Q,,)
we consider a cavity of length 0.317 m, which will exhibit
an optical free-spectral-range (FSR) of approximately
460 MHz. With this configuration, we expect a single-
photon optomechanical coupling rate of g,/2z ~ 1 Hz and
a cavity loss-rate of x/27z =20 kHz when using optical
mirrors with 99.99% reflectivity (see appendices G and H
for details). Assuming that the intrinsic dissipation of the
acoustic mode is limited by 3-phonon processes, as has been
observed in Ref. [37] and detailed in appendix E, we predict
the Brillouin modes to exhibit I',,/27 ~ 10 Hz at 4 mK.
Injecting 1 pW of laser light into the optical resonance leads
to a predicted optomechanical amplification/cooling rate of

Iy &~ £24 kHz, which is far higher than the rate of thermal
processes.

In practice, the cooling rate for the readout mode may
need to be reduced to avoid the strong coupling regime
[2g > (k,T)], which is the optomechanical equivalent
of Rabi oscillations and characterized by the coherent
exchange between optical and mechanical degrees of
freedom [38]. It should also be noted that the density
of states of the optical modes must be carefully engineered
to suppress the unwanted process of amplification (cool-
ing) of the readout (scattering) mode. One method to
achieve this is to insert a thin slab of dielectric into the
optical cavity, which would enable six orders of magni-
tude of suppression (see appendix H for details) [34].

Determining the sensitivity also requires a careful esti-
mate of the backgrounds. There are several possible sources,
including thermal phonons, dark counts from the single
photon detector, and leakage of photons from the control
fields of the scattering and readout modes. We discuss each
of these in detail in appendix 1. We argue that dark count
rates can be suppressed to 6 x 107° Hz [39] and that control
beam photons can be suppressed with a combination of
conventional band-pass filters and cascaded Fabry-Perot
cavities. Since essentially every phonon that enters the
readout mode is extracted via the optical channel, the
thermal phonon occupation must be minimized to limit
the background rate. A key feature of this scheme is the use
of high frequency acoustic modes which enable exponential
suppression of the thermal phonon occupancy when oper-
ating at millikelvin temperatures [40]. We estimate that an
overall background rate of around 10™ Hz is achievable.

The projected sensitivity to the dark matter—nucleon
cross section o, as a function of dark matter mass is shown
in Fig. 4. Projected 90% confidence level (CL) upper limits
were calculated using a Poisson likelihood ratio test
statistic, assuming a run time of 100 days. Due to the
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FIG. 4. Projected 90% CL upper limits on the dark matter—
nucleon cross section at ODIN assuming a run time of 100 days.
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directionality of the cavity, the signal rate depends on the
location and orientation of the detector and will exhibit a
daily modulation (assuming the cavity is stationary in the
lab frame). In Fig. 4, we instead show a typical mean rate,
obtained by averaging over the orientation of the cavity. We
present projections for two different configurations of the
experiment, depending on the acoustic quality factor of the
cavity, Q, that can be achieved. The blue curve in Fig. 4
corresponds to a conservative, baseline scenario with
Q = 10%, noting that Q-factors of 10% have already been
demonstrated [37], and a background rate of 10~ Hz. The
green curve shows an improved scenario with Q = 109
and a background rate of 10~ Hz. For both scenarios we
assume a fixed phonon population of N; = 10'" in the
scattering mode (modulation of N, and hence the dark
matter signal, will be explored in future work). These
choices are justified in the appendices.

The feasibility of operating at 4 mK is strongly
dependent upon the heat load from optical absorption.
For our system parameters, we find that an input optical
power of ~1 nW is required to reach lasing threshold and
maintain N, = 10'° phonons in the scattering mode (see
appendix G). Even if 10% of this light is unintentionally
scattered and absorbed, the resulting heat load of ~0.1 nW
is three orders of magnitude lower than the cooling power
of custom dilution refrigerators at 4 mK [41].

There are existing astrophysical and cosmological con-
straints on O(keV) mass dark matter that interacts with
baryons. To compare these with our projected sensitivity we
need to specify the structure of the dark matter—baryon
interaction. In the case of a contact interaction, the strongest
bound is from large scale structure traced by Lyman-a [42]
for m, > 10 keV, with a weaker constraint from the CMB
extending down to m, = 1 keV [43]. For scattering via a
massless mediator, F,(q) g2, the strongest constraint is
from CMB + BAO [44]." These bounds are shown in gray
in Fig. 4. For masses lighter than m, ~ 10 keV warm dark
matter effects also become relevant and Refs. [42,44] did
not calculate bounds in this regime; however, similar
constraints are expected to apply. Models of dark matter
in this mass range generally feature an additional light
particle that mediates the interaction with baryons.2
There are strong bounds on such a mediator from stellar
cooling, big bang nucleosynthesis, fifth force experiments,
and meson decays (see e.g., [47] for a review). These

"Note that Ref. [44] constrains the momentum transfer cross
section and there is no model-independent way to translate this to
a bound on the direct detection cross section, as discussed in [44].
In Fig. 4 we show an approximate bound that assumes the cross
sections are related by a naive v~ scaling.

*The dark matter would otherwise have been in equilibrium
with the baryons at early times and hence in conflict with the

upper bound on the number of relativistic degrees of freedom
during BBN [45,46].

model-dependent bounds do not directly constrain the
parameter space in Fig. 4, but will be relevant when
interpreting our projections in the context of specific models.
Further discussion of existing bounds on keV—-MeV mass
dark matter is provided in Appendix J.

In the improved scenario (green curve in Fig. 4), our
proposed detector could be sensitive to unexplored param-
eter space in models with a light mediator. For a dark matter
mass of m, =100 keV the increase in sensitivity over
current cosmological bounds is over three orders of magni-
tude. For models with a heavy mediator, the improved
experiment would explore new parameter space for dark
matter masses below 10 keV.

Conventional large-scale dark matter detectors typically
operate underground to mitigate the cosmogenic back-
ground. Here, due to the relatively large cross sections
being considered, an underground experiment would need
to carefully consider the shielding impact of the overburden.
In the baseline scenario, ODIN would ideally operate in a
shallow, sub-surface location; however, future systems with
improved sensitivity would need to be deployed in deep
underground laboratories.

V. DISCUSSION

The use of optomechanical systems is a promising new
frontier in the direct detection of dark matter [26-29,48,49].
Here, we proposed the Optomechanical Dark-matter Ins-
trument (ODIN), a direct detection experiment sensitive to
dark matter-nucleon scattering for keV masses. This would
provide access to an unexplored mass range, well below the
2100 MeV probed by current direct detection experiments.
ODIN is based on dark matter scattering off a highly
populated phonon mode in an optomechanical cavity filled
with superfluid helium. Interestingly, the system’s sensi-
tivity is primarily dependent on phonon density rather than
target volume, in contrast to existing systems. This feature
may enable compact, low-cost detectors, with the ability to
perform lock-in dark matter detection by periodically
depopulating the phonon mode.

ODIN is inherently directional, sensitive only to scatter-
ing events where the momentum transfer is aligned with the
longitudinal axis of the cavity. A detailed study of the daily
modulation of the dark matter signal will therefore be
important for a future experiment. Furthermore, it would be
interesting to explore alternative detector configurations,
possibly involving multiple cavities, to further leverage this
directionality.

The methods in this paper may have broader applicabil-
ity, for example to gravitational wave detection [50,51]. It
might also be possible to achieve highly populated non-
thermal phonon modes in crystals to enhance the scattering
rate in solid-state direct detection experiments. We hope to
explore these ideas in future work.
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APPENDIX A: SUPERFLUID “He EFFECTIVE
FIELD THEORY

The relativistic effective field theory (EFT) describing
the low-energy phonons in superfluid “He can be
written in terms of a real scalar field ®(x) as [35] (see
also [13-15,18,52])

L =PX), X = /0"®9,®. (A1)
From the corresponding energy-momentum tensor,
P(X
™ = %a@a@ — " P(X), (A2)

one can identify P(X) as the pressure of the superfluid.
The above Lagrangian is invariant under a shift symmetry
®(x) - ®(x) + a; the conserved charge associated with
this symmetry is particle number,

/d3xn(x) = /d%c@ao(b,

with n(x) the number density. The scalar is assumed to
acquire a vacuum expectation value (®(x)) = ut, where p
is the relativistic chemical poten‘dal.3 This breaks both the
particle number and time translation symmetries, while
preserving the linear combination H — uN. The average
helium number density is 7 = P'(u).

Expanding around the background field, we parameter-
ise the phonon (Nambu-Goldstone boson) field, ¢, as

(A3)

2
D(x,1) = pt + /%quﬁ(x, 1). (A4)

Substituting this into Eq. (Al) yields the low-energy
phonon Lagrangian

*This is related to the standard nonrelativistic chemical
potential via p,. = y — mye.

e

1. 1
L3 # =57+ (5 -1 +ach)

/”Cg y 2 4

where the sound speed and cubic coupling are, respectively,

(AS)

o PW
WP ()

with y; the Griineisen parameter. Note that in deriving
Eq. (A5) we have performed a field redefinition to remove
¢® terms, neglecting operators of O(¢*) or higher in the
EFT. The number density can be expressed in terms of the
phonon field as

2

pes
et —P”/ et
6n ) 6uc?

(1-2r6).  (A6)

n(x,t)=n+ ﬁzéﬁJrl(z

s (5e2-1-76) var + 0.
uct’ " 3u

(A7)

APPENDIX B: CAVITY PHONON MODES

The free-field equation of motion for the phonon modes

is simply
¢ — V¢ =0, (B1)
with Neumann boundary conditions imposed on the cavity
surfaces. Working in cylindrical coordinates (r, ¢, z), with

z €10, L], the solution to Eq. (B1) for a cylindrical cavity of
length L and radius R is

(B2)

where k, m, n denote the longitudinal, azimuthal, and radial
mode numbers, respectively, and ay,,, is the annihilation
operator for the corresponding mode upon quantization. J,,
is the mth-order Bessel function, with j/,, its n'" root. The
normalization constant, Ay,,,, 1S

2’ j/mn
Akmn = ’ (B3)
ka”VJm (.];nn> (];nn)z - m?
and the mode energies are given by
Qin = — . B4
kmn Cs\/( R ) + (L) ( )
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The quantum numbers for the readout and scattering
modes are (k,m,n) = (k,,0,1), with k, ; ~Q, (L/(7zcy).
We consider a cavity of dimensions L = 31.7 cm and
R = 0.0725 cm, resulting in k, =24 x10° and k, =
1.2 x 10% for the Q, =920 MHz and Q, = 460 MHz
modes, respectively. For simplicity, when calculating the
scattering rate in the following section, we approximate
these cylindrical cavity modes with rectangular cavity
modes of the form cos(zx/R) cos(zy/R) cos(k, (wz/L).

APPENDIX C: DARK MATTER-SUPERFLUID
SCATTERING RATE

We consider dark matter that interacts with helium atoms
via an interaction of the form

X) = \/nAzo'Z,,;((x)z/d3x’FX(x—x/)n(x/), (C1)

A%, [ d’q
Fs (17) - & / 27T6(Qr - Qs - Q(ZI)’
cat )2(‘/ (277'_)3

where Q(7,7) = g - U — ¢*/(2m,,) is the energy transfer, n;
is the number density of the scattering phonon mode, and Q,
Q, are the energies of the scattering and readout phonons.
The Fourier transforms of the dark matter form factor and
helium number density are denoted by F,(q) and n(q),
respectively.

We are interested in the regime N, = n,V > 1, such that
the scattering rate benefits from a large Bose enhancement.
Working to first order in the phonon self-interactions there
are two contributions to the scattering process, as shown
in Fig. 3 (main text). The right diagram is resonantly
enhanced as the intermediate phonon can be on-shell.
Consequently, it provides the dominant contribution to
the scattering rate in the narrow width limit, i.e., when
Q = Q/I'q > 1, with T'g the phonon decay width. In this
limit, we obtain

P A2 Q KON 3 2
Fscat(v) 2 ‘F;((CI” 4 1+ Y6 — 76%
2V m 2
4 Cs
. 17_q_2
< 2m,
(2 - —3) (C4)

where the momentum transfer is fixed by the scattering and
readout modes to have magnitude ¢ = (Q, — Q,)/c, and
be either aligned or antialigned with the longitudinal

with y the dark matter field (here taken to be a real scalar for
simplicity), o,, the spin-independent dark matter—nucleon
cross section, A = 4 the atomic mass number of “He, and
F,(x) the position-space dark matter form factor. The
helium number density, n(x), is given by Eq. (A7).

In general, the dark matter event rate in a detector of

volume V is

%
k=22 [ ora®.©@
with m, the dark matter mass, p, the local dark matter
density, and f, (7)) the local dark matter velocity distribution.
For the latter, we assume a truncated Maxwell-Boltzmann
distribution and use the astrophysical parameters recom-
mended in [53]. In the Born approximation for an interaction
of the form (C1), the scattering rate as a function of the dark
matter velocity is given by

O)IF (@) PR In(q)Ing. ), (C3)

direction of the cavity, Z. In deriving the above expression
we have assumed a linear phonon dispersion, which is a
very good approximation for the relevant phonon energies.
Substituting Eq. (C4) into Eq. (C2) yields the total scattering
rate in Eq. (4) of the main text. The measured values for the
sound speed and Griineisen parameter at 7 < 0.1 K and
saturated vapour pressure are ¢, = 238.2 m/s [54] and
yg = 2.84 [55].

APPENDIX D: OPTOMECHANICAL
INTERACTION WITH SUPERFLUID “He
BRILLOUIN MODE

In keeping with the convention used by the optome-
chanics community, here we do not set 2 = 1 (unlike in the
main text). The optomechanical Hamiltonian describing a
single mechanical mode coupled to a pair of optical modes,
with one optical mode driven by an external field, is given
by Ref. [34],

H = ha)la;ral + hw2a;a2 + hgmbme
- hgo(a;al + aiaz)(bm + )
+ ih\/@al,in (a'{,ine

where w; and w, are the resonance frequencies of two
optical modes, w j, is the frequency of the drive, Q,, is the
mechanical resonance, g, is the optomechanical single-
photon coupling rate, and k., is the coupling rate in/out of

—iwy izt _ al,inelwl'mt)v

(D1)
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the cavity as determined by the reflectivity of each mirror.
The total loss rate of the cavity is given by x = 2« + Ko,
where k( is the intrinsic absorption within the optical
cavity (here xy < Kk.). The power input into the cavity is
determined by P;, = hw;|a,;,|* Typically the single-
photon coupling rate is low, requiring a bright control
beam to boost the interaction [32]. This can be further
enhanced by ensuring the cavity modes are separated by
the mechanical resonance frequency (w, —w; = Q,,).
First, we consider the situation of optomechanical cooling.
Assuming we are driving with a bright coherent beam on
one optical mode (i.e., w;;, = @) and monitoring the
higher energy optical mode, we can then linearize the
Hamiltonian to obtain

H = hanala, + hQ,,by,b,, — hgo/N, (alb,, + bhas),
(D2)

where N, is the number of intracavity photons given the
launched optical power. Operating on resonance, this is

_gPin
Nl T khwy”

From this Hamiltonian one can derive the

following Heisenberg-Langevin equations of motion, in
the rotating frame, for the dynamics of the anti-Stokes
photon and the phonon modes,

; r Ve=u
b, = (lQm - 7m> bm(t) +igo V Nyay + /Ty bi, (D3)

a, = <lQm - g) a2(t> + igo\/ Nlbm + VKext@in- (D4)

These equations can then be solved to find the modifi-
cation to the mechanical dissipation rate. This corresponds
to the rate of phonon extraction via the optomechanical
interaction and is given by,

4N g5

Fom = (D5)

K

For the situation of optomechanical cooling, if Iy, is
much higher than the intrinsic dissipation rate, then the
majority of phonons that enter the system are up-converted
to photons and subsequently removed through the optical
channel. Alternatively, to perform optomechanical ampli-
fication, we can drive the higher frequency optical mode
with the control field, which manifests as a sign change in
Eq. (D5). Both of these processes depend on the strength of
the optomechanical coupling which, for Brillouin modes, is
given by [30,56,57],

(nlzie - 1)

2
21

7,
WK

go = @

where w is the optical frequency, ny, is the refractive index,
K is the bulk modulus of superfluid helium, V is the

effective mode volume, and 7 is the effective mode overlap.
For the geometry of the cavity considered here, we estimate
an optomechanical coupling rate of gy/27 ~ 1 Hz. Using
the expected g, and a cavity loss rate of x/27 ~ 20 kHz,
with an input of 1 pW of laser light, then I, /27 ~ 24 kHz
(as compared to the intrinsic dissipation I, /27 ~ 10 Hz).

APPENDIX E: ACOUSTIC LOSS

At low temperatures (T < 600 mK) the main intrinsic
loss mechanism for density waves in superfluid helium is
via a three phonon process [30,58]. The intrinsic quality
factor Q for a mode of frequency Q2 and width I" can be
shown, in the 7 — 0 limit, to be

Q 2407 pyecy

L (1+yg)? Q%

(E1)

where py is the density of the superfluid. For the relevant
acoustic mode frequency Q = 27z x 460 MHz this gives
0 =8x10'".

At these low temperatures the acoustic quality factor may
be dominated by extrinsic processes, for example, acoustic
radiation into the confining mirrors. This can be ameliorated
by implementing acoustic Distributed Bragg Reflectors
(DBRs) to minimize acoustic radiation. This method of
attaining high quality factors in superfluid helium is detailed
in the supplementary section of Ref. [30]. Acoustic quality
factors of the order of Q ~ 10% have been observed in bulk
density waves, albeit at lower frequencies, a result which
was limited by dilute *He impurities [37].

APPENDIX F: PHONON OCCUPANCY

Optomechanical systems can exhibit “phonon-lasing”
when the gain from the optomechanical interaction sur-
passes the intrinsic acoustic dissipation. When entering this
regime the phonon occupancy will rise exponentially until
nonlinearities saturate the gain, which fundamentally limits
the ultimate phonon occupancy. Assuming that the leading
nonlinearity arises from the optomechanical interaction
itself, the dispersive shift G of the cavity per unit strain €
(where ¢ = 6V/V = 6p/p and p is density) is given by:

G = 90 90 (Fl)

€pf ; VhQ/(KV) 7

where g, is the single-photon optomechanical coupling
rate, V is the effective mode volume of the acoustic mode,
K is the bulk modulus of the superfluid helium, and €,/ is
the zero-point volumetric strain of the acoustic mode [57].

As the phonon occupancy grows, the dispersive shift of
the optical cavity increases, eventually resulting in a shift
that is larger than the optical line width. This results in a
detuning of the pump laser and a reduction of the opto-
mechanical driving, occurring at the saturation amplitude of
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FIG. 5.
phonon occupation of the Brillouin mode at 4 mK (right axis).

K
€sat — 5 , (Fz)

where « is the optical line width. We can then estimate the
corresponding phonon occupation Ny, by calculating the
energy contained within the acoustic mode when oscillating
at the saturation amplitude,

1
hQN;, = EKVegat. (F3)

The resulting upper bound on the phonon occupancy
depends only on the ratio of the optical line width to the
single-photon optomechanical coupling,

leading to the desire for large optical dissipation and low
optomechanical coupling.

Taking an optomechanical coupling rate of g,/27 ~ 1 Hz
and cavity line width of x/2z ~ 20 kHz (corresponding to
99.99% reflectivity mirrors), we find the phonon occupancy
is limited to Ny, ~ 108. If lower reflectivity mirrors are used
and /27 ~ 200 kHz (corresponding to 99.9% reflectivity
mirrors), the phonon occupancy is limited to N, ~ 10'°.
For reference, phonon occupancies of Ny, = 102 have been
observed in solid state Brillouin systems [34].

APPENDIX G: OPTICAL LOSS

The optical absorption through helium is immeasurably
low so that all of the optical loss/absorption comes from the
mirrors. The quality of these mirrors affects the optome-
chanical coupling rate (through x) and the minimum
attainable temperature (through heating). The quality factor
of a Fabry-Perot resonator can be calculated from the
reflectivity of the mirrors (7; and T,), the cavity length (L),
and the frequency of light (f):

Relationship between the optical wavelength 4, the corresponding Brillouin mode frequency Q = 2z¢,/A (left axis), and the

Q_]_C_ 4rfL
k(T +T,)°

(G1)

Taking as an example crystalline mirrors offered by
Thorlabs (XM12R8), which have reflectivity of 99.99%,
and incorporating them into a 31.7 cm long cavity, we
obtain a line width of x &~ 20 kHz. Importantly, the absorp-
tion is specified to be < 1 ppm which means a pump beam
as high as 1 mW would correspond to an exceptionally low
heating of 1 nW. For comparison, commercial dilution
fridges can achieve 14 —30 pW of cooling power at
20 mK [59] and custom dilution fridges can achieve
300 nW of cooling power at 4 mK [41]. It should be noted
that the mirrors considered in this proposal will need to have
a dual-band coating to ensure high reflectivity at both
1064 nm and 532 nm. Dual band mirrors at these wave-
lengths are commercially available with reflectivities above
99.5% (for example, Edmund Optics Dual Band Laser Line
#20-371).

We now address in detail the sensitivity of our experi-
ment to the relevant heat loads. The heat load from optical
absorption of the 1064 nm beam can be estimated by
calculating the photon flux required to reach lasing thresh-
old and then maintain a large phonon occupation in the
scattering mode. A phonon occupation of N, ~ 1010
results in phonons leaving the system at a rate of N, [, =
3x10° s7! (with Q ~10'° corresponding to T,,/27 ~
0.046 Hz for the 460 MHz mode). If these phonons are
to be replaced via the optomechanical interaction then we
must have a comparable number of photons entering the
cavity since each photon generates of the order of one
phonon (See Sec. S6A of supplemental information in
Ref. [34]). A photon flux of 3 x 10° s~! corresponds to an
input optical power of ~1 nW at 1064 nm. The absorption
in crystalline mirrors can be as low as 1 ppm (Thorlabs
XM12RS8), however, some light could be scattered from
impurities or misalignment and absorbed elsewhere in the
cryostat. Even if 10% of the light is scattered and absorbed,

043005-9



CHRISTOPHER G. BAKER et al.

PHYS. REV. D 110, 043005 (2024)

(@) 480 =5

D
~N
o

D
(o))
o

Free Spectral Range (MHz)

N
(9,1
o

(b) Control field
Ampilification (I' )]  Cooling (")
©
(]
€
© |
2 o, o, —f
o
(@)

0 20 40 60 80 100
Change in longitudinal cavity mode number

FIG. 6.

Optical frequency

(a) Spectral separation between longitudinal modes of a 31.7 cm long optical cavity, i.e., the free spectral range (FSR). The

bare cavity (blue circles) shows a constant FSR, whereas the cavity with a 5 mm slab of silicon dioxide (orange circles) shows variation
in the FSR. This spectral asymmetry can be used to suppress unwanted optomechanical interactions. (b) Optical cavity mode spectrum
with a 5 mm slab of silicon dioxide. Due to the asymmetric FSR, the cooling process is resonantly suppressed while the amplification

process is enhanced.

the resulting heat load is ~0.1 nW, which is three orders of
magnitude lower than the cooling power of custom
dilution refrigerators at 4 mK [41], and thus experimen-
tally accessible. Furthermore, it should be noted that the
filter cavities, which absorb the pump beams before the
SNSPD, are thermally anchored to a separate cooling stage
within the cryostat (the “100 mK” stage), which typically
has > 500 pW of cooling power.

APPENDIX H: OPTICAL ASYMMETRY

To achieve efficient cooling (amplification) for the read-
out (scattering) beam, we must suppress the amplification
(cooling) scattering process. In a single-mode optomechan-
ical system, this is typically done by detuning the pump
beam from the optical resonance (for Q,, > «). For the
multi-mode system considered here, the coherent driving
field is directly on resonance with an optical mode. The
asymmetry in amplification/cooling can only arise from a
different spectral separation between subsequent optical
modes. This spectral separation is often referred to as the
free-spectral-range (FSR). We can engineer the FSR by
adding a slab of dielectric material into the cavity, which
acts as an etalon that modulates the effective length of the
cavity. The FSR of a regular 31.7 cm cavity (blue dots), and
one with a 5 mm slab of silicon dioxide placed at one end
(orange circles), is shown in Fig. 6. Considering a 460 MHz
Brillouin acoustic mode, we see that for the cavity with the
dielectric slab only some optical mode pairs are resonant.
This results in a cavity enhancement of one scattering
process and a cavity suppression of the other.

We can explicitly calculate the difference in amplifica-
tion/cooling rate by extending the input-output formalism

used in Sec. D. This calculation is detailed in the supple-
mentary information of Ref. [34], with the result

K 2
r_=r, <2Aw) ~T,107,

where I'_ is the cooling rate, I', is the amplification rate, k
is the optical line width and Aw is the additional detuning
for the nonresonant process. For our system parameters
(i.e., 10 kHz optical line width and 5 MHz detuning), we
find the unwanted amplification/cooling process can be
suppressed by 10°.

(H1)

APPENDIX I: SINGLE PHOTON
BACKGROUND RATE

The experimental platform proposed here relies upon
the detection of single photons to herald a dark matter
event. It is therefore crucial to achieve a detailed under-
standing of the possible backgrounds. Here we review the
various sources of these spurious signals and bound their
values. We argue that it should be possible to suppress the
background rate to 10 Hz.

1. Dark count rate

The dark count rate (DCR) of the single photon detector
will be a limiting factor in the achievable sensitivity of our
experiment. Superconducting nanowire single photon
detectors (SNSPD) typically offer the lowest DCR with
the highest detection efficiency. It has been shown that
isolated SNSPDs (i.e., not fiber-coupled out of the cryo-
stat) can exhibit a DCR of 6 x 107° Hz [39]. However,
when fibre-coupling these SNSPDs out of the cryostat to
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room temperature, the DCR increases by many orders-of-
magnitude to values as large as 1 Hz. This massive increase
arises from thermal photons produced at room temperature
being guided down cladding modes of the fiber optic
cable and directed onto the SNSPD. This source of DCR
can be effectively mitigated by filtering incoming light
with cryogenic narrow-band filters [60]. With this level
of cryogenic filtering a DCR of 6 x 107 Hz will be
achievable.

2. Filtering pump beam

We must heavily filter the light leaving the superfluid
cavity to ensure no stray photons from both the cooling
beam (from the readout mode) and the amplification beam
(from the scattering mode) arrive at the SNSPD. As we
propose to use 1 pW of pump light, we need greater than
200 dB of suppression to achieve a leakage rate of 1 photon
per day. The filtering stages will need to be cryogenic free-
space optics; this keeps the optical loss to a minimum and
prevents the generation of thermal photons.

Filtering of the heating beam at 1064 nm can be
achieved with a stack of conventional band-pass filters,
which typically have a bandwidth of 1 nm, an optical depth
(OD) of 6-7, and transmission of greater than 95%.
For example, three Edmund Optics ultra narrow filters
(#36-640, 532 nm, OD6-7) would likely provide sufficient
suppression. Filtering of the cooling beam is more chal-
lenging since the signal photons (i.e., those from dark
matter interaction) are only 1 GHz shifted from the bright
carrier. This filtering must be done with cascaded Fabry-
Perot filter cavities. For example, three cascaded cavities
with FSR of 3 GHz and finesse of 10* will likely provide
sufficient suppression.

3. Thermal occupation of acoustic mode

The thermal occupancy of the readout acoustic mode
needs to be kept as low as possible. Dilution cryostats are
widely used in quantum information and communication
applications and can, with customization, operate contin-
uously at 4 mK with > 300 nW of cooling power [41]. The
thermal occupation at this temperature is shown in Fig. 5
and for an acoustic mode of 920 MHz is

1

binby) = ——=—
< ) exp hQ/k, T — 1

~ 1073 (11)

The rate of phonon heating from the bath is therefore
(bjb,,)T ~ 1073 phonon/s for a mode with an acoustic
quality factor of 108, In the case of large optomechanical
cooling (I',,, >T,,, see Sec. D), as considered here,
essentially every phonon that enters the system, either
from the bath or from dark matter interactions, is pulled out
through the optical channel. The mode temperature thus

provides a source of background noise for dark matter
detection.

APPENDIX J: EXISTING CONSTRAINTS
ON KEV-MEV MASS DARK MATTER

In this section we briefly review the existing constraints
on keV-MeV mass dark matter that interacts with baryons.
First, recall that our proposal is sensitive to dark matter
scattering at a specific momentum transfer, ¢ = (Q, — Q,)/
¢y ~eV. To compare our projected sensitivity with existing
bounds therefore requires an additional assumption about
the energy-dependence of the dark matter—baryon interac-
tion, which is parametrized by the dark matter form factor
F,(g). Two limiting cases of interest are F,(¢) = const and
F,(q) « g~2; the former corresponds to a point-like, con-
tact-interaction and the latter to an interaction mediated by a
massless particle (or a particle with mass much smaller than
the momentum transfer, ¢, in all processes of interest).
Figure 4 of the main text shows the leading, model-
independent4 bounds from cosmology for these two cases,
which are due to modifications of large scale structure as
probed by Lyman-a [42] (contact interaction) and the
cosmic microwave background [44] (light mediator).

It is well known that the dark matter baryon—interaction
cannot, however, be described by a contact interaction up to
arbitrarily high energies. If the interaction were to remain
point-like at energies above that of neutrino decoupling
(22 MeV), then cross sections o, 2 107! cm? are large
enough that the dark matter would be in equilibrium with
the photons at this time. The dark matter then contributes
significantly to the energy density of the universe during
big bang nucleosynthesis (BBN), modifying the abundan-
ces of the light elements. Consequently, dark matter with
mass <MeV that was in equilibrium at early times is
excluded [45,46]. However, if the dark matter-baryon
interaction is mediated by a particle with mass <MeV,
the dark matter can be out of equilibrium in the early
universe and still yield a low-energy scattering cross
section that is potentially observable.

Our proposal is therefore predominantly sensitive to
models which feature a light (sub-MeV) mediator that
couples to baryons. There are strong constraints on such
mediators from a variety of sources, including stellar
cooling [61,62], SN1987A [63], BBN [45,46], fifth
force experiments [64] and meson decays (e.g., K — 7 +
invisible [65]). For mediators in the eV-100 keV mass
range, the strongest bounds are due to energy loss in red
giant or horizontal branch stars, while for sub-eV mediator
masses fifth force experiments provide the leading con-
straint. Dark matter self-interactions also place an upper
bound on the coupling of the dark matter to the mediator

“Some model-dependence enters in the F,(q) g~ case
when translating from the momentum transfer cross section to
the direct detection cross section, see [44].
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(see, e.g., Ref. [66]). Ref. [47] studied the combined
impact of these constraints in a minimal model with a
scalar mediator that couples to either gluons or top quarks.
For that particular model, requiring that these existing
bounds are satisfied constrains the direct detection cross
section to be below the projected reach of ODIN, assum-
ing the model accounts for 100% of the dark matter
abundance. If the model provides only a sub-component
of the dark matter, relaxing the bound from dark matter
self-interactions, that might allow for an observable
signal. This particular example highlights the importance
of considering constraints on the mediator when assessing
the potential sensitivity of direct detection experiments
to low mass dark matter; however, the constraints and
resulting conclusions are necessarily model-dependent

and require a dedicated analysis for each model of
interest.

Finally, while the scattering of nonrelativistic keV-MeV
mass dark matter is well below the reach of existing direct
detection experiments, they are potentially sensitive to a
flux of (semi)relativistic dark matter. Such a flux can be
produced in the up-scattering of dark matter by cosmic
rays [67], or from other astrophysical sources. This could
also produce an observable signal in large neutrino detec-
tors such as Borexino or Super-Kamiokande. However, the
resulting bounds can again only be interpreted within the
context of a specific model and, as recently shown in
Ref. [68], bounds on the mediator (as discussed above)
generally exclude the region that can be probed via cosmic
ray up-scattering.
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