
Searches for (unscreened and screened) scalars  
with long-baseline atom interferometers

PASCOS 2026, Sheffield, 26 June 2026

Christopher McCabe 
in collaboration with  

Hannah Banks, John Carlton, Benjamin Elder & Thomas Hird, 
Leonardo Badurina, Diego Blas, John Ellis & Jeremiah Mitchell, 

and the AION Collaboration, AICE & TVLBAI



A brief overview of atom interferometers

(from a phenomenologist’s point of view)
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interferometry26). In many future experiments to explore gravitational 
physics, differential measurement schemes27 (for example, gravity 
gradiometry) will be used to exploit the increased sensitivity offered 
by large superposition states while cancelling the vibration-induced 
phase noise as a common mode12–14. In the work presented here,  
common-mode cancellation of the vibration-induced phase noise 
between different parts of the atom cloud allows us to observe con-
trast and additionally to see spatial interference fringes across the atom 
cloud (see below).

To further demonstrate interference, we measure the contrast enve-
lope, that is, the variation of P1 as a function of a timing delay δT before 
the final beam-recombining pulse sequence. At suitably large delays, 
contrast is suppressed, thus allowing characterization of technical noise 
sources which might be conflated with contrast at shorter delays.  
The timing asymmetry leads to a phase shift nkvzδT that depends  
on the vertical velocity vz (refs 24, 25). Integrating over the vertical 
velocity distribution of the atom cloud after the interferometer (r.m.s. 
width ∆vz), the contrast is expected to decay with δT as the envelope 

function28 T n k v T T Texp[ 2] exp[ 2 ]z
2 2 2 2 2

c
2Γ(δ )≡ − ∆ δ / = −δ / δ    , where 

the coherence time is given by δTc ≡ 1/(nk∆νz). Figure 4a displays the 
contrast envelopes and comparison to theory for 30ħk, 60ħk, and 90ħk 
beam splitters. We plot σ(P1), the standard deviation of the set of 
observed P1 values after a sequence of 20 shots at the specified δT, as 
δT is varied (see also Extended Data Fig. 2). Note that σ( )P2 2 1  is 
approximately equal to the contrast22. The data closely match the 
expected decay dependence Γ(δT) for the known values of n, k and ∆vz. 

  54 cm  

Figure 2 | Wave packets separated by 54 cm. We adjust the launch height 
of the millimetre-sized atom cloud so that it passes the detector when the 
wave packets (corresponding to the two peaks in the image) are maximally 
separated. In order to visualize the full extent of the wave function, we take 
36 snapshots of different slices of the distribution. The images are taken 
at slightly different times between the atom launch and the fluorescence 
imaging and are stitched together according to the velocity of the atoms. 
The vertical height in the plot corresponds to atom density (red indicates 
higher density).
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Figure 3 | Fluorescence images of output ports. The two atom clouds 
resulting from the final beam splitter constitute the output ports of the 
interferometer. A single fluorescence image allows us to extract the atom 
number in each port. a, The 2ħk interferometer shows high contrast with 
nearly full population oscillation between the upper port (front image) and 
the lower port (back image). b, For the 90ħk interferometer, the population 
oscillates by more than 40%. Owing to spontaneous emission and velocity 
selectivity, the detected atom number is more than ten times smaller 
than for 2ħk. All displayed images are normalized to have the same peak 
height and are labelled with δφ corresponding to the interferometer phase 
modulo 2π. Each image is 13.8 × 9.7 mm, and the data are smoothed with 
a Gaussian filter with radius 0.5 mm.

Figure 1 | Fountain interferometer. a, After evaporative cooling and a 
magnetic lensing sequence (see Methods), the ultra-cold atom cloud is 
launched vertically from below the cylindrical magnetic shield using an 
optical lattice. At t = 0, the first beam splitter sequence splits the cloud into 
a superposition of momentum states separated by nħk. At t = T, the wave 
packet is fully separated, and a mirror sequence reverses the momentum 
states of the two halves of the cloud. At t = 2T, the clouds spatially overlap, 
and a final beam splitter sequence is applied. After a short drift time, the 
output ports spatially separate by 6 mm owing to their differing momenta, 
and the two complementary ports are imaged. This diagram is not to scale, 
and the upward- and downward-going clouds are shown horizontally 
displaced for clarity. The red, cylindrical arrows illustrate the counter-
propagating laser beams that drive the Bragg transitions. The blue spheres 

represent the atomic wave packets. The solid and dashed lines show the 
trajectories of the atomic wave packets (solid lines correspond to nħk 
greater momentum in the upward direction than the dashed lines), and the 
yellow arrowheads indicate the direction of motion. b, Pulse sequence of 
a 16ħk interferometer, see Methods for details. The main plot depicts the 
spacetime trajectories of the wave packets, and the pulse train underneath 
shows the temporal profile of the laser pulse sequences. c, A moving 
standing wave (red wave, direction of motion indicated by red arrow) 
induces a Bragg transition of one specific velocity class and changes its 
momentum by 2ħk, for example, from 2ħk to 4ħk. The black lines show a 
zoomed-in view of the spacetime trajectories, labelled by momentum.  
The black dot indicates the point at which the transition from momentum 
2ħk to 4ħk occurs.
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Light pulse atom interferometry (physical-space)

Launch ultra-cold cloud of atoms into an atomic fountain  

Sequence of optical pulses manipulate the atoms  

Quantum superposition over macroscopic distances  
(>50cm achieved) 

Interfere using a final optical pulse when they spatially overlap 

Image the two interferometer output ports 

Kovachy et al, Nature 
528, 530–533 (2015)



Manipulating atoms with light pulses 1

Atom is ‘kicked’ forwards so starts moving

Emitted photon ‘kicks’ atom backwards so comes to rest

(3) In principle also spontaneous emission but choose atoms with long lifetimes (Sr) so this can be ignored

4Christopher McCabe



Manipulating atoms with light pulses 2

Duration of pulse controls atom population levels:

5Christopher McCabe
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Light pulse atom interferometry (space-time)

Abe et al (MAGIS-100) arXiv:2104.02835

Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 16
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Figure 4. Space-time diagram of a clock atom interferometer. An atom is launched upwards and
is freely falling under the influence of gravity. The atom is manipulated by a series of three laser
pulses (wavy lines), emitted at times 0, T , and 2T . The first pulse, with pulse area fi{2, puts the
atom in an equal superposition of ground and excited states (|1y and |2y). The second pulse, with
pulse area fi, flips each state and redirects the two parts of the wavefunction. A third pulse with
pulse area fi{2 recombines the two paths, leading to a ground and excited state population whose
ratio depends on the relative phase accumulated between the two arms.

the time each interferometer arm spends in the excited state through the increased phase
accumulation rate in the clock state. Thus, a modulation of the light travel time in between
the laser pulses changes the relative phase of the two paths, which is then expressed in the
population ratio of the output states.

The phase sensitivity of the clock interferometer can be enhanced with additional fi-pulses
from alternating directions, in between the beamsplitter pulses. Every new pair of pulses
represents an additional measurement of the light travel time across the baseline and linearly
increases the phase sensitivity. This enhancement is analogous to the Fabry-Perot cavities
employed in laser interferometers such as LIGO, which coherently enhance the sensitivity
with each reflection between the mirrors, e�ectively folding a much larger baseline. In
MAGIS, additional fi-pulses can also be applied from a single direction, creating a multi-loop
geometry in which the atomic wavepackets oscillate back and forth with some chosen period
T , resonantly enhancing the sensitivity of the detector at frequency „ 1{T [11]. This resonant
enhancement comes at the cost of bandwidth, so the pulse sequence needs to be adjusted
dynamically to scan over the target frequency range. MAGIS-100 will provide a testbed for
developing these advanced atom optics techniques for future generations of MAGIS detectors.

Increasing the space-time area through additional laser pulses is a common tool to boost
the sensitivity of atom interferometers [38, 64, 125, 137–146]. Recently, several key advances
have been made in such large-momentum-transfer (LMT) atom optics techniques. First, LMT
atom optics have been successfully incorporated into atom interferometers with long durations
of up to several seconds, enabling ultrasensitive atom interferometers in which the atomic

3P0

1S0

87Sr 698 nm 
1 mHz 
‘clock’ 

Two-level system separated by optical 
frequency difference ωa 

Initial pulse: ‘beamsplitter’ 
Middle pulse: ‘mirror’ 
Final pulse: ‘beamsplitter (interfere)’ 

Atom evolves extra clock phase: 

Phase sensitive to changes in: 
1. atomic structure (scalar ULDM)  
2. local accelerations (screened scalars) 
[3. timings (gravitational waves)] 
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Even more involved… operate as a gradiometer
Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100) 18
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Figure 5. Clock gradiometer. (a) Two dilute clouds of Sr atoms (blue dots) are initially launched
from positions z1 and z2, and are freely falling in vacuum under the influence of gravity. Laser light
(dark and light gray arrows) propagates between the atoms from either side, creating a symmetric
pair of atom interferometers at opposite ends of the baseline. (b) Space-time diagram of the
interferometer trajectories based on single-photon transitions between ground (blue) and excited
(red) states driven by laser pulses from both directions (dark and light gray). In contrast to Figure 4,
the pulse sequence shown here features an additional series of fi-pulses (light gray) traveling in the
opposite direction to illustrate the implementation of LMT atom optics (here n “ 2).

such as MAGIS, the laser pulses are derived from a single laser and both interferometers
are driven by nominally identical laser pulses (see Figure 5). Thus, clock gradiometry in
principle enables superior common-mode rejection of laser frequency noise compared to what
is possible with two-photon transitions in a single-baseline configuration12.

The measurement concept described here is closely related to recent proposals to detect
gravitational waves and dark matter using two optical lattice clocks separated over a baseline [7,
62]. Optical lattices circumvent the need to account for phase shifts associated with the
motion and the recoil of the atoms. However, in contrast to freely-falling atoms, those trapped
in optical lattices do not intrinsically serve as well-isolated inertial references since they are
rigidly connected to the sensor frame by the optical lattice trapping potential. Instead, these
proposals require an auxiliary inertial reference that can be realized by, for example, placing
the optical lattice clocks on drag-free satellites [7].

4. MAGIS-100 Detector Design

The MAGIS-100 detector is a long-baseline atom interferometer, interrogating ultracold atoms
in free fall along a 100 m baseline with a vertically propagating laser. The operation of the
12 With two-photon atom optics, it is possible to achieve su�cient rejection of laser frequency noise by using
multiple baselines [5, 133].

State-of-the-art single-photon strontium 
atom interferometry with large 
momentum transfer (LMT) techniques 

Run two or more atom interferometers 
simultaneously with the same laser 
(‘gradiometer’) 

Cancels one of the leading noise sources 
(laser phase noise) 

Image from Abe et al (MAGIS-100) 
Quant.Sci.Technol, arXiv:2104.02835

Nature 654, 622–628 (2026) 
First demonstration in Sr-87 by the AION Collaboration
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Atom interferometer activities across the world

MIGA 

AION 

ZAIGA 

VLBAI 

MAGIS-100 
Stanford 

10m tower

MAGIS-100 arXiv:2104.02835; MIGA arXiv:1703.02490; AION arXiv:1911.11755; VLBAI arXiv:2003.04875; ZAIGA arXiv:1903.09288; AICE arXiv: 2509.11867 

AICE 
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TVLBAI: Towards very-long baselines

10m ~ 2026+ 
Stanford 

VLBAI 
AION-10

100m ~2030s 
MAGIS-100 

MIGA, ZAIGA 
AICE (CERN) 

km-instrument 
2040s major 
international 

project(s) 

Space-instrument 
2050s… 

detectors with 
~107km baseline  

AION-10 technical design: arXiv:2508.03491; CERN studies: arXiv:2304.00614 & 2509.11867; AEDGE, arXiv:1908.00802; Cold atoms in Space, arXiv:2201.07789; TVLBAI arXiv:2503.21366; AICE arXiv: 2509.11867
Figure 1: Left panel: General schematic view of the proposed implementation of AICE in

the PX46 access shaft [1, 2]. Right panel: Horizontal cross section of the PX46 shaft, showing

that the proposed location of AICE (blue) is compatible with the space required for transport

of LHC components (hatched area).

panel of Fig. 1, a substantial fraction of the horizontal cross-section of the PX46 shaft is not

required for LHC access, and would be large enough to accommodate an AI experiment. A

subsequent implementation study [2] developed the corresponding technical concept, including

infrastructure integration, civil engineering, radiation protection, and compatibility with HL-

LHC operations. Together, these studies show that PX46 can host a vertical interferometer at

the required scale without fundamental technical obstacles and without impacting the LHC

programme.

The AICE (Atom Interferometer CERN Experiment) proposal is the fruit of this e!ort.

It would be a pioneering project at the 100m scale within the TVLBAI roadmap. AICE is

conceived as a facility rather than a single experiment. It is intended to operate in a staged

way, with di!erent configurations serving di!erent physics goals over time.

Its main scientific objective is the search for ultralight dark matter in scalar, vector

B→L, and pseudoscalar axion-like particle (ALP) channels. The same infrastructure can also

be used in parallel to support precision measurements of the fine-structure constant ω, tests

of the universality of free fall, and other fundamental physics measurements. At later stages

it also provides a pathfinder for gravitational-wave searches in the mid-frequency band.

The remainder of this introduction frames the scientific motivation for the dark matter

and precision-physics programmes (Section 1.1), describes the staged facility concept and

performance roadmap (Section 1.2), situates AICE within the wider atom-interferometry

programme on which it is built (Section 1.3), and maps the structure of the technical proposal

(Section 1.4).

– 2 –



Possible timeline for AICE (CERN) facility
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Figure 2: Indicative science programme for AICE from mid-2028 to the end of 2042, showing

the main science phases, the atom species in use, the short precision physics campaigns

embedded within each science phase, and the projected facility operating levels. Shutdowns

for reconfiguration are indicated with grey background, and an optional future campaign is

shown with a dashed border. Detailed descriptions of the operational phases are given in

Section 8.

1.3 Context for the AICE proposal

AICE rests on an already substantial foundation. The technologies it requires are not specu-

lative: they have been developed and, in most cases, demonstrated individually or in partial-

system form across a set of national and international programmes. The step from the existing

10m scale prototypes to AICE is one of integration and scaling within a well-characterised

engineering envelope, not an unvalidated technology leap.

Technology readiness across national programmes. The following programmes pro-

vide the direct technical basis for AICE. Each contributes one or more elements of the demon-

strated capability on which AICE is built.

AION (UK) [5, 6, 8] contributes single-photon strontium clock-transition interferometry

experience and an integrated 10m system design. The AION prototype has demonstrated

di!erential interferometry using the 698 nm strontium transition [6], directly validating the

core interferometric technique to be used by AICE for dark-matter and gravitational-wave

searches.

MAGIS-100 (Fermilab, US) [4] contributes 100m-scale implementation and LMT scaling

in a strontium single-photon system; the Stanford 10m prototype underlying MAGIS-100

has demonstrated LMT performance at the 100⊋k level [22], establishing the scalability of

the approach. AION-MAGIS cooperation is covered by a US-UK agreement, and operation

as a network similar to LIGO-Virgo-KAGRA is envisaged.

VLBAI (Leibniz University Hannover, Germany) [3] contributes 10m instrument con-

struction and operation, and dual-species capability with rubidium and ytterbium, providing

initial experience relevant to both dark matter and gravitational-wave searches.

– 7 –



Searches for (unscreened and screened) scalars 
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Classifying scalar-field signals

Time-dependent vs Static 

Careful analysis of systematic 
effects needed

Characteristic frequency of DM signal 
allows for greater signal discrimination 

Christopher McCabe
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Time-dependent: ultra-light dark matter

DM lighter than ~few eV behaves as a classical wave

Angular frequency set by the ULDM mass: 

e.g., Foster et al arXiv: 1711.10489 
Derevianko arXiv:1605.09717

<latexit sha1_base64="p3GZMzDHTJBjovFJAndkKtA8Q3g="></latexit>
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Time-dependent changes in fundamental constants
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Atom interferometers are extremely sensitive to changes in atomic energy levels 
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See e.g., Geraci et al, arXiv:1605.04048 
and Arvanitaki et al, arXiv:1606.04541



Scalar ULDM signal
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Phase is accumulated by the 
excited state relative to the 
ground state along all paths:

t1, t2 = time in excited state

<latexit sha1_base64="Omi+okLVYmBGEDH/JyM4HQkcxMM="></latexit>
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Figure 5. Clock gradiometer. (a) Two dilute clouds of Sr atoms (blue dots) are initially launched
from positions z1 and z2, and are freely falling in vacuum under the influence of gravity. Laser light
(dark and light gray arrows) propagates between the atoms from either side, creating a symmetric
pair of atom interferometers at opposite ends of the baseline. (b) Space-time diagram of the
interferometer trajectories based on single-photon transitions between ground (blue) and excited
(red) states driven by laser pulses from both directions (dark and light gray). In contrast to Figure 4,
the pulse sequence shown here features an additional series of fi-pulses (light gray) traveling in the
opposite direction to illustrate the implementation of LMT atom optics (here n “ 2).

such as MAGIS, the laser pulses are derived from a single laser and both interferometers
are driven by nominally identical laser pulses (see Figure 5). Thus, clock gradiometry in
principle enables superior common-mode rejection of laser frequency noise compared to what
is possible with two-photon transitions in a single-baseline configuration12.

The measurement concept described here is closely related to recent proposals to detect
gravitational waves and dark matter using two optical lattice clocks separated over a baseline [7,
62]. Optical lattices circumvent the need to account for phase shifts associated with the
motion and the recoil of the atoms. However, in contrast to freely-falling atoms, those trapped
in optical lattices do not intrinsically serve as well-isolated inertial references since they are
rigidly connected to the sensor frame by the optical lattice trapping potential. Instead, these
proposals require an auxiliary inertial reference that can be realized by, for example, placing
the optical lattice clocks on drag-free satellites [7].

4. MAGIS-100 Detector Design

The MAGIS-100 detector is a long-baseline atom interferometer, interrogating ultracold atoms
in free fall along a 100 m baseline with a vertically propagating laser. The operation of the
12 With two-photon atom optics, it is possible to achieve su�cient rejection of laser frequency noise by using
multiple baselines [5, 133].

ground state

excited state
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5

where Ss(!) is the PSD of the ULDM signal and �Sn(!) is
the standard deviation of the noise PSD.

Although several background components will contribute
to the noise PSD Sn(!) (see for example the detector system-
atics discussion in Ref. [22]), the design goal of an experi-
ment’s detection system is that the dominant phase noise is
from atom shot noise. This is a challenging goal as reach-
ing the shot noise limit has so far proved elusive except in
smaller atom interferometers. For a single interferometer, the
noise variance is �2

= (C2Na)
�1 for phase differences close

to ⇡/2, where Na is the number of atoms in the cloud and
C  1 is the interferometer contrast [43, 44]. The interfer-
ometer contrast C is important because it characterises the
amplitude of the oscillation of the number of atoms in the
ground/excited state, from which the interferometer phase is
inferred (see e.g. [45]). By the Wiener-Khinchin theorem,
this implies that the noise PSD for a single interferometer is
�t/C2Na, while for an atom gradiometer employing identi-
cal interferometers, Sn = 2�t/C2Na. Because atom shot
noise is white noise, the standard deviation of the gradiometer
noise PSD is

�Sn = Sn =
2�t

C2Na
, (24)

which is frequency-independent by definition. Hence, at
SNR = 1 the peak of the ULDM-induced PSD is within one
standard deviation of the mean of the noise PSD.

Next, we consider the PSD for the ULDM signal, Ss(!).
From the PSD defining equation, Eq. (22), we can see that the
maximum of Ss(!) will be proportional to �

2
s . The frequency

spread of Ss(!) is related to the reciprocal of the coherence
time, 2⇡/⌧c ⇠ 10

�7
(m�/10

�15
eV) Hz, while the experi-

ment’s frequency resolution is given by 2⇡/Tint.
In the regime Tint < ⌧c, the ULDM signal is dominated

by a single frequency, which implies that the PSD is approx-
imately Ss(!0) ⇡ Tint|�s|

2 at a frequency !0 largely set by
m�, and zero elsewhere. Hence, the experiment’s sensitivity
to the coupling constants increases with integration time and
is given by

d� '

p
SNR

�R
⇥

r
Sn

Tint
, (25)

where in order to isolate the dependence on the couplings dme

and de, we have defined

�s = d��R (26)
d� = dme + (2 + ⇠A)de , (27)

where �R is the remaining part of the signal amplitude with
the couplings factored out.

In the limit Tint > ⌧c, it might naively be expected that
the experiment’s sensitivity to d� follows a similar argument.
However, this is not the case since the PSD of the entire sig-
nal will no longer correspond to a spike in frequency space,
but will have a finite width and profile dictated by the DM
velocity distribution. In this case, a likelihood profile analy-
sis could be used to extract the experiment’s sensitivity to d�

(see e.g. [46]). Alternatively, Bartlett’s method [42, 47] can
be applied to find individual PSDs from data streams of du-
ration ⌧Bart . ⌧c, which are then averaged. An advantage of
Bartlett’s method over a likelihood-based analysis is that the
detailed form of the DM speed distribution does not need to be
specified. Bartlett’s method reduces the frequency resolution
of the signal PSD to a spike, while also reducing the standard
deviation of the noise PSD by a factor

p
Tint/⌧Bart. In the

limit ⌧Bart = ⌧c, the experiment’s sensitivity to the couplings
strengths is therefore given by

d� '

p
SNR

�R
⇥

s
Sn

p
⌧cTint

. (28)

For terrestrial atom gradiometers, Newtonian gravity gra-
dient noise (GGN) is expected to exceed atom shot noise at
frequencies less than approximately 10

�1
Hz, which corre-

sponds to a mass m� ⇡ 4⇥10
�16 eV. If the GGN noise cannot

be mitigated, this will impose a lower limit on the frequencies
that can be probed [18]. In our treatment, we take a conserva-
tive approach and only show projections above 10

�1
Hz. For

compact atom gradiometers that operate on the time scale of
years (i.e. Tint & few ⇥ 10

7
s), the total integration time will

in general exceed the coherence time of an ULDM signal for
all ULDM masses of interest. Hence, the scaling of the ex-
perimental parameters for a linear scalar ULDM-electron or
photon interaction is described by Eq. (28).

Pulling all parts of this discussion together, we find that the
experiment’s maximum sensitivity to a linear scalar ULDM-
electron or photon interaction (in the limit Tint > ⌧c) scales
with experimental parameters in the following way:

dbest� ⇠

 
1

T

!5/4
1

C n�r

 
�t

Na

!1/2 
1

Tint

!1/4

. (29)

The additional m� dependence in ⌧c has two effects; the max-
imum sensitivity occurs for ULDM masses m� ⇡ 2.04/T ,
which is slightly below m� ⇡ 2.33/T (where �s is max-
imised), and the scaling is T�5/4 rather than T�1. Equa-
tion (29) reveals a hierarchy of importance amongst the tune-
able experimental parameters: the sensitivity scales as T�5/4,
so is most sensitive to changes in this parameter; it varies lin-
early with the inverse of C, n, and �r; with the square root
of �t and Na; and with the quartic root of Tint, indicating the
least sensitivity to this parameter.

The scaling in Eq. (29) shows that the interrogation time
T is important as it not only sets the ULDM mass at which
the experiment has the maximum sensitivity, but it also af-
fects the experiment’s maximum sensitivity reach in d�. We
demonstrate this explicitly in the left panel of Fig. 2, where
we have plotted the electron coupling when SNR = 1 for dif-
ferent values of the the interrogation time from 0.74 s to 0.2 s

while keeping the gradiometer length (�r) and all other pa-
rameters fixed. The left panel shows that as T increases, the
curves both move to higher ULDM masses and higher values
of dme as predicted by Eq. (29). Hence, shorter interroga-
tion times imply a loss in sensitivity. In these plots, we have
assumed Tint = 10

8
s to employ Bartlett’s method, and set

T ~ 1s (interrogation time)
 n ~ 1000 (LMT)
     ~ AI separation

C ~ 0.1 - 1 (constrast) 
     ~ sampling time
        atoms in cloud
               (integration time)
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and the 1 km scenario reaches |dme | → 1.40 ↑ 10→9 and |de| → 6.81 ↑ 10→10. The projected

reach and existing constraints are shown in Figure 10.

The loss of sensitivity below 10→15 eV is due to the limited atom flight time, whereas

the loss of sensitivity above mω ↓ 10→15 eV is due to shot noise. A prototype laboratory

study [6] has found that laser noise can be suppressed below the level or atom shot noise in

a gradiometer configuration. Other noise sources are discussed in Section 7.

Figure 10: Projected AICE sensitivity to the scalar ULDM electron-mass coupling |dme |

(left) and photon coupling |de| (right) versus scalar mass mω, with DM oscillation frequency

fDM on the upper axis. Three scenarios are shown (see Table 1): AICE baseline, AICE

stretch, and a future 1 km extension. Shaded regions mark existing constraints, taken from

the AxionLimits compilation [49]. The grey band, labelled EP / fifth-force, is the pointwise

envelope of the final MICROSCOPE result with Ti/Pt test masses [20] and the Eöt-Wash

equivalence-principle results [46, 50]; MICROSCOPE dominates over most of the displayed

mass range. The tan band, labelled Clocks envelope, is the pointwise minimum across atomic-

clock and cavity-stabilised laser searches in each coupling channel; the dominant individual

contributions in the mass range relevant to AICE are the H-maser/Si-cavity comparison in [47]

for |dme | and the 171Yb+/Sr optical-clock comparison in [48] for |de|. LB: One needs to be

a bit careful about how to set the 95% CL on the couplings, given that this depends on

the value of the total measurement campaign tint relative to the coherence time ωc, where

ωc → 2ε/mωv2
DM. As explained in Appendix C.4 of 2507.17825, which uses key results from

2007.15656, the SNR for setting 95% CL on the coupling is 1.6 and 12.5 for tint ↔ ωc and

tint ↗ ωc, respectively, where SNR ↘ d2. Hence the reach should be worse than shown in Fig.

3 by a factor of three or so below ↓ 10→17 eV. Discuss possible synergies with synchronous

clock measurements in the “valley” between the AICE and clock sensitivity curves?

Realisation in AICE. The scalar search is implemented in AICE using the single-species

gradiometer mode of Section 2.4.1, with 87Sr and the baseline LMT order n = 103 on the

698 nm laser system, rising to n = 4 ↑ 104 at the stretch level. 87Sr is the default atomic

species for the AICE gradiometer and full-shaft configurations: its fermionic I = 9/2 nuclear

– 24 –

Shot noise only

Table 1: Performance parameter ladder for AICE and the TVLBAI roadmap. The Initial

column corresponds to the AICE commissioning and first-physics regime. The Baseline and

Stretch columns define the two successive AICE science-phase operating levels and drive

all dark matter sensitivity projections in this proposal. The 1 km column corresponds to

a future TVLBAI facility and is provided for roadmap context only. Tgrad, TMZ and Tax

are the interrogation times used in the scalar gradiometer, the vector/equivalence-principle

full-baseline dual-species Mach-Zehnder, and the axion full-shaft single-species Mach-Zehnder

modes respectively (see Section 2). The vector/EP and axion modes both interrogate over the

full one-way drop and therefore share the same time, TMZ = Tax →
√
2L/g; only the scalar

gradiometer, whose clouds split the shaft, runs at the shorter Tgrad. n is the LMT order of the

atom optics, corresponding to the n⊋k0 momentum splitting between the two interferometer

arms on the 698 nm 1S0–3P0 clock transition, independent of the pulse-sequence topology (see

Section ??). Nsource is the number of cold-atom sources, and ωεnoise is the single-shot phase

noise per unit bandwidth.

Mention high-flux paper [21]?

Parameter Initial Baseline Stretch 1 km

Programme phase Comm. / Fund. Phys. Baseline Stretch Goal Future Facility

Baseline L [m] 140 140 140 1000

Tgrad [s] 2.5 2.5 2.5 7.0

TMZ [s] 5.0 5.0 5.0 14.0

Tax [s] 5.0 5.0 5.0 14.0

n (LMT) ↑ 10–100 103 4 ↓ 104 4 ↓ 104

Nsource 3 5–10 10–20 O(100)

ωεnoise [rad/
↔
Hz] ↑10→3–10→4

↑10→4 10→5 10→5

tint — 1yr 1 yr 1 yr

ULDM running with first gravitational-wave pathfinder operation. An optional future cam-

paign from 2040.5 remains to be defined and is shown with a dashed border in Figure 2.

The precision-physics campaigns are embedded throughout. The ϑ programme delivers

an initial ϑ(Sr) measurement during commissioning, a species cross-check ϑ(Yb) during the

vector phase, and progressively more sensitive determinations culminating in the Ultimate

ϑ run at Stretch parameters. The equivalence-principle programme begins with a 87Sr/87Sr

isotopic validation during early facility operation, delivers a flagship Sr/Yb dual-wavelength

measurement during the vector phase, and culminates in an Ultimate EP campaign at Stretch

parameters targeting ϖ ↭ few↓10→16. Section ?? gives a detailed account of each science

phase.

The schedule in Figure 2 is indicative. The relative durations and ordering will be ad-

justed in response to commissioning outcomes and the evolution of the experimental and

theoretical landscape.

– 6 –
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Static: Screened scalar (fifth) forces

Screened fifth forces
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Source mass

Atom interferometers are 
very good gravimeters/accelerometers
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Static scalar field sourced by a mass placed inside the 
vacuum chamber 
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FIG. 1. Schematic of the top of the proposed experimental
setup (not to scale) showing the upper interferometer of the
gradiometer. A 1 cm thick planar source mass is positioned at
the top of the vacuum chamber with a central hole of radius
40% of that of the chamber to allow for laser transmission. An
atom cloud superposition is shown with the upper state hav-
ing a closest approach to the plate of 1 cm. The scalar force
drops o! exponentially in strength with distance such that
it barely acts on the lower state. These atoms are launched
from approximately 5m below the source mass. A second
identical interferometer, with atom source at 0m, is operated
simultaneously using common laser pulses (depicted by the
red line). Magnetic shielding surrounds the vacuum chamber,
protecting from stray fields.

less steel [69].5 Since the atom clouds are addressed by
counter-propagating laser pulses from opposing ends of
the baseline, the source mass needs to allow for laser
transmission. The simplest option is an annular plate
with a concentric inner hole. In general, the smaller the
hole the larger the gradient of the scalar field close to
the plate, and in turn the larger the force experienced
by the atoms. This e!ect needs to be balanced against
the onset of laser aberration and di!raction, which be-
come more severe at small hole radii. A further consid-
eration is beam clipping, which occurs if the beam size,
which should be large enough to address the entire cloud

5 While existing gradiometer components, such as a retroreflector
mirror or lens, could serve as the source mass, their material
properties may be suboptimal. Moreover, if positioned outside
of the magnetic shielding, atoms approaching closely enough to
experience a significant fifth force may enter unshielded regions,
potentially introducing phase noise from stray fields.

TABLE I. Design parameters characteristic of a representative
10 m atom gradiometer experiment utilising 87Sr atoms. k is
the wavenumber of the laser; L is the baseline; nmax is the
maximum number of laser pulses; ω! is the phase noise.

Isotope k [m→1] L [m] nmax ω! [rad/
→
Hz]

87Sr 9.002↑ 10
6

10.1 4000 10
→3

of atoms exceeds the hole dimensions. It was argued in
Ref. [70] that beam di!raction is significant when the
hole radius is less than 40% of the vacuum chamber ra-
dius. We therefore adopt RH = 0.4Rvac as our fiducial
standard for the remainder of this study, taking the inner
radius of the vacuum chamber to be Rvac = 5 cm.

B Numerical calculation of the scalar field profile

The fifth force experienced by the atoms at each point
along their trajectories is governed by the local value of
the scalar field. As such it is first necessary to compute
the profile of the scalar field within the vacuum chamber.
This amounts to solving the scalar field equation of mo-
tion (Eq. (2)) accounting for the residual gas density in
the chamber, which we take to be εm(ϑx) = 10

→19
g/cm

3.
The influence of the vacuum chamber walls and the annu-
lar source mass on the field is incorporated via boundary
conditions imposed at their surfaces. The density of the
atoms themselves is neglected in this computation, but
later accounted for via the screening factor ϖa. Once ϱ(ϑx)
is determined, we use it to evaluate the scalar fifth force
along the trajectory of the atoms via Eq. (3).

We solve the scalar field equation of motion us-
ing a finite element solver in Mathematica version
14.0.0. It is computationally advantageous to first non-
dimensionalise the scalar equation of motion by mak-
ing an appropriate transformation of variables. For the
chameleon this amounts to performing the rescalings

ϱ ↓ ϱ/” and ϑx ↓ ”ϑx , (10)

and for the symmetron

ϱ ↓ ϱ/v and ϑx ↓ µϑx . (11)

Given that the system is rotationally symmetrical about
the polar axis, we work in cylindrical co-ordinates (r, z)

and solve in the region

0 < r < Rvac ,

zmin < z < zmax . (12)

The scalar force is exponentially suppressed beyond
distances Rvac from the plate, so it is not necessary to
simulate the entire length of the vacuum chamber. This
suppression occurs for slightly di!erent reasons in the
two theories. For chameleon theories, this arises be-

Static: Screened scalar (fifth) forces
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Static scalar field sourced by a mass placed inside the 
vacuum chamber 

Scalar field induces acceleration on extended objects: 

Key parameter is (model-dependent) screening factor
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FIG. 1. Schematic of the top of the proposed experimental
setup (not to scale) showing the upper interferometer of the
gradiometer. A 1 cm thick planar source mass is positioned at
the top of the vacuum chamber with a central hole of radius
40% of that of the chamber to allow for laser transmission. An
atom cloud superposition is shown with the upper state hav-
ing a closest approach to the plate of 1 cm. The scalar force
drops o! exponentially in strength with distance such that
it barely acts on the lower state. These atoms are launched
from approximately 5m below the source mass. A second
identical interferometer, with atom source at 0m, is operated
simultaneously using common laser pulses (depicted by the
red line). Magnetic shielding surrounds the vacuum chamber,
protecting from stray fields.

less steel [69].5 Since the atom clouds are addressed by
counter-propagating laser pulses from opposing ends of
the baseline, the source mass needs to allow for laser
transmission. The simplest option is an annular plate
with a concentric inner hole. In general, the smaller the
hole the larger the gradient of the scalar field close to
the plate, and in turn the larger the force experienced
by the atoms. This e!ect needs to be balanced against
the onset of laser aberration and di!raction, which be-
come more severe at small hole radii. A further consid-
eration is beam clipping, which occurs if the beam size,
which should be large enough to address the entire cloud

5 While existing gradiometer components, such as a retroreflector
mirror or lens, could serve as the source mass, their material
properties may be suboptimal. Moreover, if positioned outside
of the magnetic shielding, atoms approaching closely enough to
experience a significant fifth force may enter unshielded regions,
potentially introducing phase noise from stray fields.

TABLE I. Design parameters characteristic of a representative
10 m atom gradiometer experiment utilising 87Sr atoms. k is
the wavenumber of the laser; L is the baseline; nmax is the
maximum number of laser pulses; ω! is the phase noise.

Isotope k [m→1] L [m] nmax ω! [rad/
→
Hz]

87Sr 9.002↑ 10
6

10.1 4000 10
→3

of atoms exceeds the hole dimensions. It was argued in
Ref. [70] that beam di!raction is significant when the
hole radius is less than 40% of the vacuum chamber ra-
dius. We therefore adopt RH = 0.4Rvac as our fiducial
standard for the remainder of this study, taking the inner
radius of the vacuum chamber to be Rvac = 5 cm.

B Numerical calculation of the scalar field profile

The fifth force experienced by the atoms at each point
along their trajectories is governed by the local value of
the scalar field. As such it is first necessary to compute
the profile of the scalar field within the vacuum chamber.
This amounts to solving the scalar field equation of mo-
tion (Eq. (2)) accounting for the residual gas density in
the chamber, which we take to be εm(ϑx) = 10

→19
g/cm

3.
The influence of the vacuum chamber walls and the annu-
lar source mass on the field is incorporated via boundary
conditions imposed at their surfaces. The density of the
atoms themselves is neglected in this computation, but
later accounted for via the screening factor ϖa. Once ϱ(ϑx)
is determined, we use it to evaluate the scalar fifth force
along the trajectory of the atoms via Eq. (3).

We solve the scalar field equation of motion us-
ing a finite element solver in Mathematica version
14.0.0. It is computationally advantageous to first non-
dimensionalise the scalar equation of motion by mak-
ing an appropriate transformation of variables. For the
chameleon this amounts to performing the rescalings

ϱ ↓ ϱ/” and ϑx ↓ ”ϑx , (10)

and for the symmetron

ϱ ↓ ϱ/v and ϑx ↓ µϑx . (11)

Given that the system is rotationally symmetrical about
the polar axis, we work in cylindrical co-ordinates (r, z)

and solve in the region

0 < r < Rvac ,

zmin < z < zmax . (12)

The scalar force is exponentially suppressed beyond
distances Rvac from the plate, so it is not necessary to
simulate the entire length of the vacuum chamber. This
suppression occurs for slightly di!erent reasons in the
two theories. For chameleon theories, this arises be-
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source term ωm is time-independent, as is the case in this
work, the field can be assumed to be static. The equation
of motion for the scalar field in a static environment is

ε→
2
ϑ =

dV

dϑ
+

dA

dϑ
ωm . (2)

An extended object in this scalar field experiences a
classical force which contributes acceleration

εaω = ↑ϖa

dA

dϑ

ε→ϑ(εx) , (3)

where ϖa ↓ (0, 1] is a model-dependent ‘screening factor’
that quantifies the strength of the interaction between
the object and the scalar field. The screening factor is
derived by solving Eq. (2) in the vicinity of the extended
object, and in general depends on the ambient field value
(see e.g. [66, 67] for a derivation).

In chameleon or symmetron theories, extended ob-
jects that are su!ciently small and/or underdense have
ϖa ↔ 1, and are said to be ‘unscreened’. Conversely, ob-
jects that are very large and/or dense will have ϖa < 1

and are said to be ‘screened’, thus experiencing a reduced
acceleration. In general, this is a result of non-linear
terms in the scalar equation of motion becoming signifi-
cant in the vicinity of the source matter, due to the field
perturbation generated by the extended object.

We now introduce the two specific models that will
form the theoretical targets of this study. They are dis-
tinguished by their self-interaction potential and matter
coupling, and exhibit two di"erent classes of screening
mechanism.

A Chameleon

The chameleon is a scalar field that is epitomised by an
environment-dependent mass that becomes large in dense
environments [11, 12]. Intuitively, deep inside a dense
object, the chameleon mass becomes so large that the
range of interaction is smaller than the size of the object.
As such, only matter in a ‘thin shell’ near the surface
of the object contributes to external interactions. In the
typical realisation of this mechanism, the self-interaction
potential and matter coupling are

Vch(ϑ) =
!
5

ϑ
, Ach(ϑ) =

ϑ

M
, (4)

where M,! are energy scales characterising the interac-
tion strengths. This model is a common target for lab-
oratory searches for screened scalar forces and we thus
adopt it as one of our two benchmark models.

The region of parameter space of greatest theoretical
interest in this model has ! around the dark energy scale
(i.e., !DE = 2.4 meV) and M ↗ MPl, which results in
a force on unscreened objects that is comparable to or-
dinary gravity. While these parameters are particularly

theoretically motivated, the broader parameter space re-
mains of interest. Our sensitivity projections therefore
span several orders of magnitude in both ! and M .

The chameleon screening factor for a spherical object
of radius Robj and density ωobj is [11, 12, 21]

ϖa,ch ↔ min

(
3Mϑenv

ωobjR
2

obj

, 1

)
, (5)

where ϑenv is the ambient field value in the vicinity of
the spherical object, i.e., the field that would be present
in the absence of the object itself.

To give some intuition, let us examine Eq. (5) using a
simplified analytical estimate for an atom inside a vac-
uum chamber (in practice, we solve the field equation
numerically for the full experimental geometry). The
atom’s mass is dominated by its nucleus, with mass
mobj ↔ A GeV and radius Robj ↘ 1.25≃ A

1/3
fm where

A is the atomic mass number, for which we take A = 87

for 87Sr atoms. The density can be computed from these
quantities in the usual way, ωobj ↘ mobj/

(
4

3
ϱR

3

obj

)
. Fi-

nally, we must determine the ambient field value inside
the chamber. For an infinitely long cylindrical vacuum
chamber of inner radius Rvac, the field at the centre is
ϑenv = ς(2!

5
R

2

vac
)
1/3 where ς ↔ 0.68 (see Appendix A).

Taking Rvac = 5 cm, we find

ϖ
atom

a,ch
= min

(
10

8

(
!

meV

)5/3 (
M

MPl

)
, 1

)
. (6)

In contrast, for a macroscopic object, e.g., a marble
with Robj ↔ cm and ω ↔ g/cm

3, the screening factor
is ↗ 10

→2. We thus see that whilst macroscopic objects
are generally screened, atoms are not (over a wide range
of parameter space). This is a key property that enables
chameleon theories to be tested with atom interferome-
try.

B Symmetron

The symmetron model [13] exhibits a second archetype
of screening known as the symmetron mechanism. This
is characterised by a potential and matter coupling that
cause the scalar field to decouple from ordinary matter
in dense environments. Although the screening mecha-
nism is distinct from that of the chameleon, both result
in similar qualitative behaviour in that the fifth force is
suppressed in dense environments.

In a typical realisation of this mechanism the sym-
metron potential and matter coupling are

Vsym(ϑ) = ↑
1

2
µ
2
ϑ
2
+

ϖ

4
ϑ
4
, Asym(ϑ) =

ϑ
2

2M2
, (7)

where µ is a mass scale, ϖ is a dimensionless coupling,
and M controls the strength of the matter coupling. This
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ωa → 1 for macroscopic objects

3

source term ωm is time-independent, as is the case in this
work, the field can be assumed to be static. The equation
of motion for the scalar field in a static environment is

ε→
2
ϑ =

dV

dϑ
+

dA

dϑ
ωm . (2)

An extended object in this scalar field experiences a
classical force which contributes acceleration

εaω = ↑ϖa

dA

dϑ

ε→ϑ(εx) , (3)

where ϖa ↓ (0, 1] is a model-dependent ‘screening factor’
that quantifies the strength of the interaction between
the object and the scalar field. The screening factor is
derived by solving Eq. (2) in the vicinity of the extended
object, and in general depends on the ambient field value
(see e.g. [66, 67] for a derivation).
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acceleration. In general, this is a result of non-linear
terms in the scalar equation of motion becoming signifi-
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perturbation generated by the extended object.
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tinguished by their self-interaction potential and matter
coupling, and exhibit two di"erent classes of screening
mechanism.

A Chameleon

The chameleon is a scalar field that is epitomised by an
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typical realisation of this mechanism, the self-interaction
potential and matter coupling are

Vch(ϑ) =
!
5

ϑ
, Ach(ϑ) =

ϑ

M
, (4)

where M,! are energy scales characterising the interac-
tion strengths. This model is a common target for lab-
oratory searches for screened scalar forces and we thus
adopt it as one of our two benchmark models.

The region of parameter space of greatest theoretical
interest in this model has ! around the dark energy scale
(i.e., !DE = 2.4 meV) and M ↗ MPl, which results in
a force on unscreened objects that is comparable to or-
dinary gravity. While these parameters are particularly

theoretically motivated, the broader parameter space re-
mains of interest. Our sensitivity projections therefore
span several orders of magnitude in both ! and M .

The chameleon screening factor for a spherical object
of radius Robj and density ωobj is [11, 12, 21]
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where ϑenv is the ambient field value in the vicinity of
the spherical object, i.e., the field that would be present
in the absence of the object itself.

To give some intuition, let us examine Eq. (5) using a
simplified analytical estimate for an atom inside a vac-
uum chamber (in practice, we solve the field equation
numerically for the full experimental geometry). The
atom’s mass is dominated by its nucleus, with mass
mobj ↔ A GeV and radius Robj ↘ 1.25≃ A

1/3
fm where

A is the atomic mass number, for which we take A = 87

for 87Sr atoms. The density can be computed from these
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nally, we must determine the ambient field value inside
the chamber. For an infinitely long cylindrical vacuum
chamber of inner radius Rvac, the field at the centre is
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1/3 where ς ↔ 0.68 (see Appendix A).

Taking Rvac = 5 cm, we find
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In contrast, for a macroscopic object, e.g., a marble
with Robj ↔ cm and ω ↔ g/cm

3, the screening factor
is ↗ 10

→2. We thus see that whilst macroscopic objects
are generally screened, atoms are not (over a wide range
of parameter space). This is a key property that enables
chameleon theories to be tested with atom interferome-
try.

B Symmetron

The symmetron model [13] exhibits a second archetype
of screening known as the symmetron mechanism. This
is characterised by a potential and matter coupling that
cause the scalar field to decouple from ordinary matter
in dense environments. Although the screening mecha-
nism is distinct from that of the chameleon, both result
in similar qualitative behaviour in that the fifth force is
suppressed in dense environments.

In a typical realisation of this mechanism the sym-
metron potential and matter coupling are

Vsym(ϑ) = ↑
1
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+
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where µ is a mass scale, ϖ is a dimensionless coupling,
and M controls the strength of the matter coupling. This
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for atoms

Advantages brought by atom interferometers: 
1. utilise atoms where screening is reduced 
2. are exceptionally sensitive to accelerations 

Burrage et al, JCAP (2015) 



21Christopher McCabe

Q-flip protocol
8

Resonant

0 1
2
T T 3

2
T 2T

0

2

4

6

8

10

Time [s]

z a
to
m
[m

]

FIG. 3. Spacetime diagrams of atom gradiometer sequences in the presence of a plate at 10.01 m. The acceleration sourced by
a chameleon field with M = MPl and ! = meV is shown by the blue contours in the right panels. Top: Spacetime diagram of
a resonant Q = 2 sequence. The left panel shows the full sequence with pulses at times 0, T/2, T , 3T/2, and 2T . The right
panel shows the atom trajectories in the vicinity of the plate. Bottom: Spacetime diagram for the butterfly sequence, which
is insensitive to scalar forces due to the symmetry of the sequence. The right panel shows the atom trajectories in the vicinity
of the plate. The resonant and butter sequences di!er by the omission of the central laser pulses at time T .

tional systematics this re-positioning is likely to intro-
duce, we instead achieve this calibration using a ‘butter-
fly’ sequence [16, 78], which is insensitive to the presence
of the plate. This sequence is shown in the lower panels
of Fig. 3. The butterfly sequence uses the same value of
n = 500 as the Q = 2 resonant sequence but omits the
laser pulses at time T . This causes the interferometer
arms to cross over, with the result that each arm spends
the same amount of time near the plate.

Since the source mass is fixed in place, the fifth force
is constant in time. Such a static e!ect is more di"cult
to detect than inherently oscillatory phenomena, such as
GWs or ULDM, whose characteristic time dependence
can be used to distinguish them from static or slowly
varying backgrounds. To overcome this challenge, we in-
duce a controlled time dependence in the fifth-force signal
by alternating between two pulse sequences during a con-
tinuous experimental run: the resonant Q = 2 sequence,
which is sensitive to scalar fields sourced by the plate,
and the butterfly sequence, which is not. Periodically
switching between them generates an oscillatory phase

response at frequency ω0 = 2εf0, which can be controlled
experimentally. We coin this the ‘Q-flip protocol’.

This e!ect is illustrated schematically in the time series
shown in the top panel of Fig. 4, which includes contri-
butions from the plate’s gravitational field, a screened
scalar field, and stochastic shot noise. The resonant-
sequence has a mean amplitude !”p = !”g + !”ω,
around which stochastic shot-noise fluctuations occur. In
this schematic, the shot-noise fluctuations are assumed to
be much smaller than !”p. Since the gravitational and
scalar contributions are absent in the butterfly sequence,
its output fluctuates around zero due to atom shot noise.

The periodicity of the signal concentrates into peaks in
frequency space [79]. This allows transient noise sources
that remain broadly distributed to be e!ectively de-
trended using standard techniques for detecting oscilla-
tory signals. This behaviour is formally captured by the
power spectral density (PSD) of the phase measurements.
For a set of N discrete measurements {!”ε} recorded at
times t = ϑ!t, where !t is the time separation between
successive measurements, over a total integration time

Acceleration drops off 
quickly as you move away 
from the plate:  

want to enhance time 
atoms spend near the plate

Banks, CM, et al, 
PRD (2026),  

arXiv:2511.09750 
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FIG. 3. Spacetime diagrams of atom gradiometer sequences in the presence of a plate at 10.01 m. The acceleration sourced by
a chameleon field with M = MPl and ! = meV is shown by the blue contours in the right panels. Top: Spacetime diagram of
a resonant Q = 2 sequence. The left panel shows the full sequence with pulses at times 0, T/2, T , 3T/2, and 2T . The right
panel shows the atom trajectories in the vicinity of the plate. Bottom: Spacetime diagram for the butterfly sequence, which
is insensitive to scalar forces due to the symmetry of the sequence. The right panel shows the atom trajectories in the vicinity
of the plate. The resonant and butter sequences di!er by the omission of the central laser pulses at time T .

tional systematics this re-positioning is likely to intro-
duce, we instead achieve this calibration using a ‘butter-
fly’ sequence [16, 78], which is insensitive to the presence
of the plate. This sequence is shown in the lower panels
of Fig. 3. The butterfly sequence uses the same value of
n = 500 as the Q = 2 resonant sequence but omits the
laser pulses at time T . This causes the interferometer
arms to cross over, with the result that each arm spends
the same amount of time near the plate.

Since the source mass is fixed in place, the fifth force
is constant in time. Such a static e!ect is more di"cult
to detect than inherently oscillatory phenomena, such as
GWs or ULDM, whose characteristic time dependence
can be used to distinguish them from static or slowly
varying backgrounds. To overcome this challenge, we in-
duce a controlled time dependence in the fifth-force signal
by alternating between two pulse sequences during a con-
tinuous experimental run: the resonant Q = 2 sequence,
which is sensitive to scalar fields sourced by the plate,
and the butterfly sequence, which is not. Periodically
switching between them generates an oscillatory phase

response at frequency ω0 = 2εf0, which can be controlled
experimentally. We coin this the ‘Q-flip protocol’.

This e!ect is illustrated schematically in the time series
shown in the top panel of Fig. 4, which includes contri-
butions from the plate’s gravitational field, a screened
scalar field, and stochastic shot noise. The resonant-
sequence has a mean amplitude !”p = !”g + !”ω,
around which stochastic shot-noise fluctuations occur. In
this schematic, the shot-noise fluctuations are assumed to
be much smaller than !”p. Since the gravitational and
scalar contributions are absent in the butterfly sequence,
its output fluctuates around zero due to atom shot noise.

The periodicity of the signal concentrates into peaks in
frequency space [79]. This allows transient noise sources
that remain broadly distributed to be e!ectively de-
trended using standard techniques for detecting oscilla-
tory signals. This behaviour is formally captured by the
power spectral density (PSD) of the phase measurements.
For a set of N discrete measurements {!”ε} recorded at
times t = ϑ!t, where !t is the time separation between
successive measurements, over a total integration time

Acceleration drops off 
quickly as you move away 
from the plate:  

want to enhance time 
atoms spend near the plate

To minimise systematics, 
alternate sequences with 
one where the signal 
cancels
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FIG. 3. Spacetime diagrams of atom gradiometer sequences in the presence of a plate at 10.01 m. The acceleration sourced by
a chameleon field with M = MPl and ! = meV is shown by the blue contours in the right panels. Top: Spacetime diagram of
a resonant Q = 2 sequence. The left panel shows the full sequence with pulses at times 0, T/2, T , 3T/2, and 2T . The right
panel shows the atom trajectories in the vicinity of the plate. Bottom: Spacetime diagram for the butterfly sequence, which
is insensitive to scalar forces due to the symmetry of the sequence. The right panel shows the atom trajectories in the vicinity
of the plate. The resonant and butter sequences di!er by the omission of the central laser pulses at time T .

tional systematics this re-positioning is likely to intro-
duce, we instead achieve this calibration using a ‘butter-
fly’ sequence [16, 78], which is insensitive to the presence
of the plate. This sequence is shown in the lower panels
of Fig. 3. The butterfly sequence uses the same value of
n = 500 as the Q = 2 resonant sequence but omits the
laser pulses at time T . This causes the interferometer
arms to cross over, with the result that each arm spends
the same amount of time near the plate.

Since the source mass is fixed in place, the fifth force
is constant in time. Such a static e!ect is more di"cult
to detect than inherently oscillatory phenomena, such as
GWs or ULDM, whose characteristic time dependence
can be used to distinguish them from static or slowly
varying backgrounds. To overcome this challenge, we in-
duce a controlled time dependence in the fifth-force signal
by alternating between two pulse sequences during a con-
tinuous experimental run: the resonant Q = 2 sequence,
which is sensitive to scalar fields sourced by the plate,
and the butterfly sequence, which is not. Periodically
switching between them generates an oscillatory phase

response at frequency ω0 = 2εf0, which can be controlled
experimentally. We coin this the ‘Q-flip protocol’.

This e!ect is illustrated schematically in the time series
shown in the top panel of Fig. 4, which includes contri-
butions from the plate’s gravitational field, a screened
scalar field, and stochastic shot noise. The resonant-
sequence has a mean amplitude !”p = !”g + !”ω,
around which stochastic shot-noise fluctuations occur. In
this schematic, the shot-noise fluctuations are assumed to
be much smaller than !”p. Since the gravitational and
scalar contributions are absent in the butterfly sequence,
its output fluctuates around zero due to atom shot noise.

The periodicity of the signal concentrates into peaks in
frequency space [79]. This allows transient noise sources
that remain broadly distributed to be e!ectively de-
trended using standard techniques for detecting oscilla-
tory signals. This behaviour is formally captured by the
power spectral density (PSD) of the phase measurements.
For a set of N discrete measurements {!”ε} recorded at
times t = ϑ!t, where !t is the time separation between
successive measurements, over a total integration time
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FIG. 4. Top: Time series of gradiometer phases using the Q-
flip protocol. Measurements are first made using the resonant
Q = 2 sequence, which is sensitive to the scalar and gravita-
tional fields sourced by the plate. The sequence then switches
to the butterfly sequence, which is insensitive to these e!ects.
Stochastic shot noise is present in each measurement. Repeat-
ing the resonant–butterfly cycle produces an oscillating phase
readout with period 1/f0. Bottom: Square-root of the PSD
of the above time series. Spikes appear at odd multiples of
the fundamental frequency f0 with amplitudes proportional
to

→
Tint!”p.

Tint = N!t, the PSD is defined as

Sk =
!t

N

∣∣∣∣∣

N→1∑

ω=0

!”ω exp

[
→
2ωiεk

N

]∣∣∣∣∣

2

, (18)

where k = 0, . . . , (N → 1) labels the discrete frequen-
cies fk = k/Tint with resolution !f = (Tint)

→1. The
maximum non-aliased frequency is known as the Nyquist
frequency, fNy = (2!t)

→1.
The lower panel of Fig. 4 shows the square root of the

PSD (the amplitude spectral density) for the upper-panel
time-series. The fundamental peak occurs at f0, followed
by smaller spikes at odd multiples of f0. While these
higher harmonics are not exploited in the present analy-
sis, they could provide additional information for signal
characterisation in the event of a detection. In practice,
the peaks have finite widths, but these become negligible
provided su!ciently long integration times, Tint ↑ 1/f0,
and their amplitudes in this limit scale as

↓
Tint. In the

following, we focus on the spike at the fundamental fre-
quency.

To evaluate the sensitivity to the screened scalar mod-
els, we define the signal-to-noise ratio (SNR) as the ratio
of the PSD of the scalar field contribution, S

ε, to the
PSD of the background noise, Sn, evaluated at the fun-
damental frequency:

SNR =
S
ε
(ϑ0)

Sn(ϑ0)
. (19)

Note that we have implicitly rewritten the PSDs as a
(continuous) function of ϑ = 2ωf , which is a valid ap-
proximation provided Tint ↑ 1/f0.

In the following, we assume a periodic signal with
amplitude !”ε in the limit Tint ↑ 1/f0, which yields
S
ε
(ϑ0) ↔ ω

→2
Tint|!”ε|

2. We assume that the back-
ground noise is dominated by atom shot noise, which is
white in frequency space, with S

n
(ϑ0) = |ϖ”|

2, where ϖ”

is a design parameter quoted in Table I. In a practical
experiment, Sε

(ϑ0) must be extracted from the square-
root of the measured PSD by removing the contribution
from the plate’s Newtonian gravity. We next discuss a
protocol for doing this.

E Calibration and source mass calibration

The Q-flip protocol measures the di"erence in gra-
diometer phases between resonant and butterfly se-
quences. This is sensitive to the total potential sourced
by the plate, with Newtonian gravity providing the dom-
inant contribution. The peak at the fundamental fre-
quency in the

↓
PSD has amplitude ω

→1
↓
Tint!”p =

ω
→1

↓
Tint(!”g + !”ε). Isolating !”ε requires accu-

rate subtraction of !”g. Uncertainty in this subtraction,
ϖ[!”g], directly limits the sensitivity to screened scalars.
To achieve a sensitivity that is limited by shot noise, we
require ω

→1
↓
Tintϖ[!”g] ↗ ϖ”, where ϖ” is the phase

noise from Table I.
In principle, the !”g contribution can be computed

from Eqs. (15) and (17) given the plate parameters
{W, ϱ, Rvac, RH} and GN . These could be determined
from independent measurements with their uncertainties
then propagating directly to the inferred value of ϖ[!”g].
The dominant uncertainty arises from the plate density.
The gravitational constant is known to a relative uncer-
tainty ϖGN/GN ↔ 2.2 ↘ 10

→5 [80], whilst we anticipate
that the plate thickness and radius can be measured to
ϖW/W ≃ ϖR/R ≃ 10

→4, corresponding to micrometre
precision [81]. For 316 stainless steel, manufacturer spec-
ifications do not provide a tightly defined tolerance, so we
adopt a conservative relative uncertainty of ϖϱ/ϱ ≃ 10

→3,
broadly consistent with the precision achieved in hy-
drostatic weighing of stainless-steel standards [82]. Un-
der these conditions, ϖ[!”g] ↔ (ϖϱ/ϱ)!”g. For dc =

1 cm, where dc is the distance of the closest approach
of the atoms to the plate, we find !”g ⇐ 0.54 rad and

Induces a  
time-dependent signal

Banks, CM, et al, 
PRD (2026),  
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Chameleon sensitivity projections at 10m 12

FIG. 7. Projected bounds (dashed lines labelled ‘AI-10m’) for a chameleon force (top panel) and symmetron force (bottom
panels) with a representative 10m atom gradiometer for the Brief, Standard and Extended experimental realisations defined in
Table II. The bottom left panel shows projections for µ = 10→1.5 meV for all three realisations, whilst the bottom right panel
shows di!erent values of µ for the Standard realisation only. These are compared to existing experimental constraints (solid
lines) from a levitated atom interferometer [22], a levitated force sensor [83], and torsion balance experiments [6, 71, 84]. The
torsion balance bound corresponds to µ = 10→1 meV and vanishes for smaller values of µ.

dc > Rvac, which would require comparable integration
times to the primary measurement. The shaded regions
indicate parameter space with SNR → 1.

The top panel in Fig. 7 shows the sensitivity for a
chameleon force in the M,! parameter space. The three
realisations of the experiment (blue, dashed lines) are
projected to surpass previous bounds from levitated atom

interferometer experiments (green, solid line) [22], levi-
tated force sensor experiments (orange, solid line) [83],
and torsion balance experiments (purple, solid line) [6,
84]. These curves exhibit the possibility to robustly test
an order of magnitude or more around the dark energy
scale ! = !DE.

The behaviour of the chameleon sensitivity projections

11

FIG. 6. Ratio of gradiometer phase with a central hole of
radius RH to that with no hole, !”(RH)/!”(RH = 0), as a
function of RH/Rvac. The chameleon (green line) is largely
insensitive to M and # over the relevant parameter range,
while the symmetron (purple lines) depends strongly on µ,
with curves shown for µ between 10→2 meV and 10→1 meV.
The black dashed line indicates RH = 0.4Rvac, which mini-
mally a!ects chameleon sensitivity while maintaining accept-
able signal for µ ↭ 10→1 meV symmetron models.

Therefore, the fifth force on the atoms scales as M
→1

and the ratio of the force between the two cases (with
and without the hole) remains constant. The lack of !
dependence is more subtle but may be understood by
examining the chameleon field’s equation of motion. As
already noted, the density term in the equation of motion
is assumed to be negligible for this range of parameters
inside the vacuum chamber, and in this limit the equation
of motion is invariant under the simultaneous scaling by
a constant factor a: ω → aω, ! → a

3/5
!. For a given

value of !, the solution to the problem with a di!erent
value is a simple rescaling. Consequently the force on a
test particle also scales as F → aF , as does the integrated
phase. Since the curve in Fig. 6 represents a ratio of two
integrated phases it is invariant under this scaling. The
relationship between hole diameter and integrated phase
is approximately linear across a wide range of M,! such
that a hole of radius RH = 0.4Rvac results in a phase
reduction of approximately 30% compared to a plate with
no hole.

A similar argument does not apply to the symmetron.
While it is tempting to try an analogous scaling involving
µ → aµ, making the equation of motion invariant under
this scaling would then require ω → a

→2
ω, ε → a

6
ε, and

ϑx → a
→1

ϑx. This last transformation on the coordinates ϑx
also scales the boundary conditions, and hence the scaled
solution is no longer applicable to our problem. As such,
we simply re-compute the field for each µ value of inter-

TABLE II. Parameters for three potential realisations of a
representative 10 m atom gradiometer experiment. Tint de-
notes the total integration time for the primary measurement
campaign at dc = 1 cm, which excludes calibration runs to
parametrise the plate’s gravitational field.

AI-10 m Tint

Brief 400 s
Standard 12 hrs
Extended 1 week

est.7
For µ ↑ 10

→1 meV, the phase sensitivity curves drop
o! with increasing hole radius more rapidly than for the
chameleon because the minimum straight-line distance
between the atoms and any portion of the plate increases
beyond a Compton wavelength of the scalar field. How-
ever, at smaller values, the sensitivity drops more slowly
with increasing radius. This may be understood via the
reasoning described in Sec. II: if the Compton wavelength
is greater than the size of the hole, then the scalar field
value is strongly suppressed, such that ω ↓ 0 inside the
hole. The net e!ect is that the field profile sourced by
the plate is similar to that of a solid plate with no hole.

To summarise, the impact of the central hole is mod-
est for the chameleon parameters of interest, while the
symmetron sensitivity depends strongly on µ and is sub-
stantially reduced in the large µ limit. This highlights
that the optimal hole radius depends not only on the
vacuum chamber size and laser optics, but also on the
targeted screened scalar theory. Our choice of RH =

0.4Rvac represents a balance between signal strength and
avoiding laser di!raction and aberration, preserving the
chameleon signal whilst maintaining sensitivity for sym-
metron models with µ ↭ 10

→1
meV. Optimising the

hole radius for specific theoretical targets, such as larger-
µ symmetrons, would require further study beyond the
scope of this work.

IV PROJECTED SENSITIVITY

We now present the projected sensitivity of the pro-
posed experimental protocol. Figure 7 shows the fore-
casts for chameleon and symmetron theories assuming
shot-noise-limited sensitivity. Three potential realisa-
tions of this experiment, denoted ‘Brief’, ‘Standard’ and
‘Extended’, are shown, which di!er in the duration of the
primary measurement campaign at dc = 1 cm as detailed
in Table II. The stated integration times exclude cali-
bration runs to establish the plate’s gravitational field at

7 Although ω dependence was not considered, in fact there is a
scaling symmetry ε → aε, ω → a→2ω. This rescaling leaves
Fhole/Fsolid invariant, so the same curves in Fig. 6 are valid for
all values of ω.
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Get involved…

The AICE Community Workshop 2026 will bring together members of the 
international atom interferometry, quantum sensing, particle physics, cosmology, 
gravitational physics, and precision-measurement communities to review the progress 
of the Atom Interferometer CERN Experiment (AICE), a proposed long-baseline atom 
interferometer facility at CERN: 

https://cds.cern.ch/record/2941923

https://cds.cern.ch/record/2941923


Summary

26Christopher McCabe

- Long-baseline atom interferometers provide a platform to search for ULDM and fifth 
forces, gravitational waves, test the equivalence principle, and measure the fine 
structure constant 

- Experimental landscape maturing rapidly: first Sr-87 gradiometer demonstration 
(AION, Nature 2026); concurrent progress across MAGIS-100, MIGA, VLBAI, ZAIGA; 
TVLBAI roadmap (10m → 100m → km → space) provides credible path to scale 

- Scalar ULDM: sensitivity scales as T^(5/4); 10m instruments already competitive, AICE 
projects orders of magnitude of new parameter space in ULDM-couplings 

- Screened scalars: atoms are unscreened where macroscopic objects are not — the key 
advantage; Q-flip protocol converts static signal to time-dependent, enabling spectral 
discrimination and systematic rejection


