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Correlated comagnetometry for precision measurements
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Magnetometers are among the most widely used probes in science and technology. Comagne-
tometers increase sensitivity by self-cancellation of magnetic noise, but only at low frequencies. We
suggest a correlated measurement of two alkali species in one cell to cancel the magnetic background
also at high frequencies. The inter-species phase difference of the light-matter interaction response
function is found to be calibration free and insensitive to common-mode intensity noise. Utilizing
a dark-matter signal as a testcase, the method achieves a thirtyfold background suppression, rais-
ing the signal-to-noise ratio by an order of magnitude or more, depending on the coupling to the
different subatomic particles. We show that the method also provides model differentiation. The
higher sensitivity and model differentiation open a path to novel probes for precision measurements

in general and exotic fields in particular.

Optically pumped magnetometers can reach sub-
femtotesla sensitivity [1, 2] and serve applications from
biomagnetism to fundamental physics. In practice, how-
ever, the signal-to-noise ratio (SNR) of a shielded mag-
netometer is rarely set by its intrinsic noise: it is set by
the residual magnetic background (shield Johnson noise,
coil and current noise), which exceeds the intrinsic floor
by more than an order of magnitude [3, 4]. An inner-
most ferrite shield partially mitigates the Johnson noise
passively [3], but leaves coil, current, and other exter-
nal noise in place. Comagnetometers address this by
self-compensation: the polarized noble gas in an alkali—
noble-gas cell cancels slow magnetic perturbations [5, 6].
This cancellation, however, is limited to low frequencies,
below the noble gas Larmor frequency; above it the de-
vice is an ordinary, background-limited magnetometer.
In this Letter we introduce a correlated measurement of
two alkali species held in a single cell, and theoretically
demonstrate that it cancels the correlated (i.e., common-
mode) magnetic background at high frequencies as well,
recovering the uncorrelated readout-noise floor.

As we will discuss in the outlook, the method lends
itself to a variety of applications. In our testcase exam-
ple below, the correlated background amplitude is sup-
pressed by a factor of ~ 30, allowing the SNR for a non-
magnetic spin interaction to improve by up to an order of
magnitude or more, depending on the signal’s coupling to
the two species. In addition, we simulate a dark-matter
transient, and show that the correlated signal also pro-
vides a calibration free readout of the signal’s coupling
structure that no single channel possesses.

Our testcase is built around a dark-matter model
involving ultralight pseudoscalar (axionlike) particles
(ALPs) [7-9]. Because of the high occupation numbers
required to account for the dark matter abundance, they
behave as an oscillating classical field. Such fields can
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generically couple to the axial-vector currents of Stan-
dard Model fermions [10]. In the nonrelativistic limit
this acts on nuclear and electronic spins like a magnetic
field, but with couplings not proportional to the mag-
netic moments. Alkali-noble-gas magnetometers and co-
magnetometers are therefore leading dark-matter detec-
tors [11-15], used to search for oscillations of the field
associated with a galactic dark matter halo [13, 16-20],
a solar dark matter halo [21], and transients [22, 23]. If
such a signal is detected, disentangling its couplings to
protons and neutrons has so far required comparing sev-
eral distinct devices [24]. The correlated single-cell mea-
surement introduced here addresses both needs at once:
it removes the magnetic background that limits every sin-
gle channel, and it reads out the proton—neutron coupling
ratio from one vapor cell.

The Dual-Alkali Correlated Measurement. The cen-
tral observation of this Letter is that two same-cell alkali
species in a single comagnetometer provide two indepen-
dent readouts of the same field environment. 87Rb, 3K,
and 3He are polarized together via hybrid spin-exchange
optical pumping [25-27]. The alkalis share the magnetic
field and the electronic gyromagnetic ratio 7., includ-
ing the nuclear slowing-down factor. A magnetic field
therefore acts on both alkalis via an almost identical cou-
pling. An exotic field, by contrast, couples to each species
through its own combination of nucleon couplings, set by
the fractional contributions of proton and neutron spins
to the total nuclear spin [28]. Because the spin content
differs across 8"Rb, 3°K, and 3He, one exotic field acts
on the three species through three distinct effective cou-
plings, parameterized by the ratio R = &, /¢, of the neu-
tron to proton couplings (R = 1: equal couplings; R = 0:
pure proton; any real value is possible in principle).

The common magnetic transfer function makes a dif-
ferential readout an excellent common-mode rejection fil-
ter for the correlated magnetic background, in principle
at all frequencies within the linear regime. The cancel-
lation does not rely on the noble-gas self-compensation
mechanism [5, 6]; it relies only on the two same-cell alka-
lis seeing one field. It therefore extends the rejection


mailto:yosefros@post.bgu.ac.il
mailto:katsye@bgu.ac.il
https://arxiv.org/abs/2607.18221v1

of magnetic noise to frequencies above the compensa-
tion point, where the single-alkali comagnetometer no
longer attenuates. Consequently the amplitude differ-
ence of the two channels, each converted to magnetic-field
units, cancels the correlated background itself, converting
the background-limited SNR into a readout-noise-limited
one, thereby enhancing the sensitivity. A second, comple-
mentary observable, is the inter-species phase difference
A which is calibration free and insensitive to common-
mode gain and intensity fluctuations, and carries the cou-
pling ratio R. We quantify these observations below.

FEzxperimental Realization. Both observables can be
implemented in a standard comagnetometer apparatus
(Fig. 1). We take both the magnetic and exotic pertur-
bation fields, B, and b, , respectively, to lie along 3. A
vapor cell filled with 3He, 3K, isotopically enriched 37Rb,
and Ny (for quenching) is placed inside a mu-metal shield
with magnetic coils, and heated to its operating temper-
ature [29]. A circularly polarized pump laser tuned to
the 8”"Rb D1 resonance polarizes 3’Rb directly and 39K
and ®*He by spin exchange [27, 30] along 2. The two alka-
lis are probed simultaneously by two overlapping, lin-
early polarized beams, each detuned ~0.1THz to the
blue of its own D1 line, traversing the cell along z. A
modulation is added to the probe signal to avoid mea-
suring near the high amplitude region of the 1/f noise;
the modulator could be a photoelastic modulator [31]
or a high-frequency modulation of the shield coils [20],
with wmea /27 in the tens of kHz, far above the detection
bandwidth. After the probes traverse the cell and ac-
quire Faraday rotation, they are split by a narrow-band
dichroic beamsplitter followed by an interference filter
in each arm, which makes the optical cross-talk between
the channels negligible [29], and each polarization is mea-
sured by a polarimeter, which is then demodulated by a
single multi-channel lock-in amplifier referenced to the
shared modulation frequency wmod, so the two channels
share a phase origin and any correlated electronic drift
cancels.

For each species j € {8"Rb, 39K}, the in-phase lock-in
output returns the Faraday-rotation angle [32],

0%(t) o Cnjrec f;Di(vy) PA(t), (1)

where ¢ is the cell length, n; the alkali density, r. the
classical electron radius, ¢ the speed of light, f; the D1
oscillator strength, D;(v;) the dispersive lineshape factor
at the probe detuning v;, and PJ(t) the transverse po-
larization projected onto the probe axis. In a search at
an a priori unknown frequency w < wmod, each 6%(t) is
acquired as a time series and Fourier transformed,

0h(w) = F{OL(t)} o Pi(w;R), (2)

preserving magnitude and phase. Since the proportion-
ality factor in Eq. (1) is real and positive when the two
probes are detuned to the same side of their respective
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FIG. 1. Experimental setup. A circularly polarized pump
polarizes 8"Rb along % and, via spin exchange, *°K and ®He.
Two overlapping probes near the 8"Rb and 2°K D1 lines
traversing the cell along & are separated by a dichroic beam-
splitter, and each is read out through a polarizer and photodi-
ode (PD), demodulated by a shared lock-in amplifier (LIA) at
the modulation frequency. The longitudinal field B, is tuned
by the coils to the compensation point [Eq. (6)]. Both the
magnetic and exotic transverse perturbations, B, and b, re-
spectively, point along ¢. Auxiliary components are omitted
for clarity.
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D1 lines (opposite-side detuning adds a known constant
T to Ap), pj(w;R) = arg#y, = arg PI(w;R), and the
phase observable is

Ap(w;R) = pr(w;R) — prb(Wi R). (3)

Multiplicative factors in the detected signal that are
static over an analysis record (probe intensity, photode-
tector responsivity, and the atomic prefactor of Eq. (1))
drop out of each phase ¢;, so Ay is calibration free.

Coupled Bloch Dynamics.  The polarizations P;
(7 =8 Rb, 3K, 3He) evolve under the coupled Bloch
equations [14, 24, 33],

-1
P; = {[%(B +3 AjkMgpk) + fjb} x P;
K [y
+ > rjpnk(Pr — Pj) — Ry;(P; —8) — Fij},

ey

(4)

where «; is the gyromagnetic ratio (electronic for the al-
kalis, nuclear for 3He), g; the nuclear slowing-down factor
(unity for ®*He), B the applied magnetic field, b a trans-
verse exotic pseudomagnetic field with species-specific
coupling &;, )\jkM(’ka the Fermi-contact field induced
on species j by the magnetization of species k [34], ;i
the spin-exchange rate coefficient, nj the density of k,
R,; the pump rate along 8, and I'; the remaining relax-
ation. Only 87Rb is pumped; 3°K polarizes through the
fast 8" Rb-3°K spin exchange and both alkalis polarize the
3He, much more slowly [25]. The exotic couplings are ex-
pressed through the nucleon couplings and the nuclear



spin content o, , [28, 35-38] as

& =1j(09&n + 03%) ()

where 7; = g; — 1 for the alkalis and 1 for the noble gas.
Equation (5) assumes a negligible electron-spin coupling;
exotic fields coupling to electron spins are also partially
screened by magnetic shields, while nucleon couplings are
not [39]. Parameter values are provided in Ref. [29].
Equation (4) admits a steady longitudinal solution
along 2, set by the pump and the spin-exchange net-
work. In a single-alkali comagnetometer the longitudinal
field is tuned to the self-compensation point [5, 6]; with
two polarized alkalis this cannot be met for both, since
ARb,He 7 AK,He, SO We parameterize the compensation
field as a weighted compromise,
Bz(a) = — [(1 — Oé) )\Rb,He +« )\K,He] Mé{ePHe

z

— Arb.He MEPPRP — Ak ye MEPX,  (6)

with @ = 0 (@ = 1) recovering 3"Rb-optimal (*°K-
optimal) compensation. The fast 3"Rb-2°K spin ex-
change locks the alkalis into a single collective transverse
mode, fixing the optimal o near the 3°K fraction of the
alkali density. We adopt a = 0.578 for our cell [29].
Together with the cell parameters it also sets the antires-
onance location below. The transverse linear response at
frequency w is evaluated numerically following the fast
scheme of Ref. [24].

Figure 2 presents the physics of the correlated mea-
surement. Panels (a) and (b) contrast the 3°K response
of the dual-alkali cell with a reference 3*°K-3He single-
alkali cell. Both attenuate magnetic drives at low fre-
quency, but they differ sharply for an exotic drive: for
R = 0 the dual cell develops an antiresonance in the
response |PX| near 157Hz that the *?K—2He cell does
not have at this coupling ratio. Quite generally, with
& = nj(0h&n + 03&p) and n; > 0, an indirect drive op-
poses the direct one only when the two species’ couplings
differ in sign, i.e., when R lies between their sign-reversal
ratios —o7/cj. At R = 0 this excludes *K-He (**K
and 3He share coupling sign) but not 8"Rb—3°K-3He,
where 87Rb supplies the opposing arm. The values of
R for which each alkali-noble pair supports an antireso-
nance are tabulated in Ref. [29]. Panel (c) resolves the
39K response into its three exotic channels: the direct
drive, the *He back-action (whose Fermi-contact return
fails to cancel because Arp,He # AK,He), and the alkali-
alkali spin exchange. Their in-phase cancellation pro-
duces the antiresonance dip. The dip becomes an exact
null on a one-dimensional locus in («, R,w) where the
two real conditions |Py| = |P-| and arg[P,/(P-)*] ==
hold simultaneously [29]; the v = 0.773 curve in panel (b)
sits on this locus at 72Hz. Panel (d) shows the result-
ing phase anatomy: each alkali’s phase winds through
its own antiresonance in opposite senses, so the differ-
ence Ay accumulates a single sharp swing, while for a
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FIG. 2. Physics of the correlated dual-alkali response.

(a),(b) Absolute steady-state transverse response |PX| to a
perturbation along . (a) Magnetic drive: the dual-alkali
STRb-3"K-3He cell (solid blue) and a reference *°K-*He
single-alkali cell (red dashed) both show the standard low-
frequency self-compensation. (b) Exotic drive with R = 0:
self-compensation no longer holds at low frequency, and the
dual-alkali cell develops a sharp antiresonance near 157 Hz at
a = 0.578 (solid blue). Changing only « to 0.773 (green dot-
ted; a B, change of 2.6nT, i.e., 1.3%) moves it to ~ 72 Hz,
onto the perfect-cancellation locus where |PX| nulls com-
pletely [29]. The 3**K-3He single-alkali reference (red dashed)
has no antiresonance at this coupling ratio [29]. (c¢) Mecha-
nism at o = 0.578, R = 0: the three contributions to the 3°K
response: the direct exotic drive (blue), the *He-induced field
(orange), and the alkali-alkali spin exchange (green), shown
as complex phasors projected onto the direct-drive phasor.
Near the dip (dashed line) the opposing spin-exchange term
cancels the direct-plus->He drive and the in-phase sum (black)
crosses zero; the quadrature component keeps the dip a fi-
nite minimum. (d) Phases pk (blue), prp (orange), and Ay
(black) for the exotic drive: each alkali’s phase winds rapidly
through its own antiresonance, in opposite senses, so Ay ac-
cumulates a single sharp swing. Crucially, neither feature
appears in the magnetic drive: panel (a) shows no antireso-
nance in the response, and panel (d) shows a small Ay (red
dashed) at the milliradian level across the band [29].

magnetic drive Ag stays at the milliradian level across
the band. The location of the structure depends on R
but also strongly on «, providing an experimental handle
through B, .

Dual-Channel Noise Cancellation. We now use the
dual channels to cancel the correlated magnetic back-
ground and quantify the SNR gain. The starting point
is the Fourier-transformed lock-in signal of each channel,
07.(w) [Eq. (2)]. We convert each channel to magnetic-
field units by dividing out its magnetic transfer function
TjB (w), the complex response of 9} to a known applied
field, measured once by driving a calibrated field with
the system’s coils and forming TJB = 9% / B at each fre-



quency:

Op(w) _ N;(w)
T}; @ ~ B @) + 5o,

(7)

zj(w)

with x; = Tj’.’ /TJB the exotic response in field units and
N; the uncorrelated readout noise. The common op-
tical prefactor of Eq. (1) multiplies éf,, and TjB alike
and cancels in the ratio, so no absolute optical calibra-
tion is needed and the true field B enters both channels
with coefficient one. The correlated background is re-
moved by an adaptive subtraction r = xk —-H TRy, Where
H(w) = (zxxl,)/(|zro|?) is the least-squares (Wiener)
transfer from the 37Rb to the 2K channel, a spectral
ratio read off exotic-signal-free records rather than a fit-
ted model [29]. Because H is measured, the cancella-
tion is self-calibrating: any error in the transfer func-
tions TJB folds into H and cancels, entering only the
amplitude scale of the recovered signal. The residual
r = (XK — XRrb) b plus uncorrelated noise retains the ex-
otic signal with g(w) = |xk — Xxro|/|xk| relative to the
single 3°K channel, while the correlated background can-
cels to the uncorrelated readout floor; the waveform is
then recovered by Wiener deconvolution in a declared
search band [29].

Figure 3 illustrates the scheme on a simulated dark-
matter transient, an ALP-star crossing [15, 40] in which
the axion field oscillates at its Compton frequency while
the transit sets the envelope, modeled here as a carrier
fo = 100Hz under a Gaussian envelope of 0.25s full
width at half maximum, injected into a realistic back-
ground: shield Johnson noise at 7fT/vHz with a 1/f
rise below 20 Hz [3, 4], an uncorrelated readout floor of
0.17fT/v/Hz per channel [1], and light-shift and spin-
projection noise within the budget of Ref. [29]. Through-
out, the noise floor denotes the rms amplitude spectral
density over the declared 70-120 Hz search band (exclud-
ing fo+£5Hz), and the SNR is the signal’s spectral ampli-
tude at f divided by this floor. In the single 3°K channel
the transient is buried, at SNR 0.5 [Fig. 3(a)]; the dual-
channel subtraction cancels the correlated background,
and the transient emerges in the denoised record at SNR
7.3 [Fig. 3(b)], an improvement of x15. The waveform
itself is then recovered by Wiener deconvolution of the
residual [29]. The amplitude spectral density shows the
mechanism [Fig. 3(c)]: the noise floor in the search band
drops from 6.2 to 0.22fT/v/Hz, a factor of 28, down to
the dual-channel readout floor, while the 100 Hz signal
survives. Figure 3(d) generalizes the simulation across
the band. Because the background suppression S(f) and
the signal retention g(f) are frequency dependent, the net
SNR gain grows with frequency across the band, reach-
ing x15 at 100 Hz and peaking at =~ x 30 between the
87Rb and 3K exotic antiresonances, where the 3"Rb ex-
otic response xgrp dips and the retention exceeds unity.
At low frequencies, the referred exotic responses x; con-
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FIG. 3. Two-channel noise cancellation on a simulated dark-
matter transient (carrier fo = 100Hz, Gaussian envelope,
FWHM 0.25s, R = 0); 2s sampled at 500 Hz, in magnetic-
field units. (a) Single-channel (*°K) simulation (blue) with
the injected transient overlaid at true scale (red, 15T peak):
buried at SNR 0.5. (b) **K channel after dual-beam noise
cancellation, band-pass filtered to the search band as in an
actual search, with the injected transient again overlaid (red);
the transient emerges at SNR 7.3, a x15 improvement, its re-
covered amplitude reduced by the retention g. The SNRs are
spectral quantities, fixed by the noise-floor drop and the signal
retention g ~ 0.53, independent of this time-domain display
band-pass. (c) Amplitude spectral densities of the full records
in (a) and (b): the floor near fo drops from 6.2 (correlated
noise) to 0.22fT/v/Hz (x28, the two-channel readout floor),
while the 100 Hz signal peak survives (arrow). (d) Amplitude
SNR gain over the more sensitive single channel for a transient
as in (a), as a function of its carrier frequency fo (green, left
axis), and signal retention g(f) (blue dashed, right axis); the
gain peaks between the 5’Rb and *°K antiresonances of the
field-referred exotic response x; [Eq. (7)] (dotted and dash-
dotted verticals, 129 and 148 Hz).

verge (g — 0); the scheme targets the band above the
detection bandwidth, where the single cell is otherwise
background-limited. The suppression S(f) is coupling
independent and scales with the assumed correlated-to-
uncorrelated noise ratio; the retention g depends on R,
with the simulated R = 0 lying within the coupling-ratio
ranges predicted by the canonical axion model classes
discussed below [29].

Coupling-Ratio Readout. Beyond detection, the dual
channel measures a property of the signal that no sin-
gle channel carries: the neutron-to-proton coupling ratio
R. Across the band the exotic phase difference Ap(w;R)
exceeds the milliradian magnetic baseline by up to three
orders of magnitude and varies steeply with R: at 100 Hz
it moves by hundreds of milliradians between the bench-
mark ratios of the canonical model classes discussed be-
low (—0.17rad at R = 0.04, +0.13rad at R = —0.46),
so comparing the measured cross-spectral phase differ-



ence to a reference map determines R [29]. The map
itself need not rely on the model calculation: a syn-
thetic exotic field, formed by combining species-selective
light shifts with a magnetic field [24], generates Ap(w; R)
in situ, making the readout end-to-end calibration free.
The measured ratio then confronts theory. The two
canonical axion model classes predict overlapping ranges:
KSVZ-type models fix R = 0.04(6), while DFSZ-type
models sweep R monotonically across [—0.41,+0.65] as
tan 8 traverses its perturbative window, broadening to
~[—0.47,40.88] once the coupling uncertainties are in-
cluded [7, 41, 42]. A measured R therefore pins down
the coupling structure that any candidate model must
reproduce, rather than naming the model itself: within
the DFSZ class it determines tan 3; a value incompati-
ble with 0.04(6) excludes the KSVZ class; a value out-
side ~x[—0.47, 4+0.88] excludes both, pointing to a generic
ALP. The axion—electron coupling present in these mod-
els can manifest in two ways. Acting directly on the
electron spins, it drives the two alkalis identically and
leaves *He untouched, so the amplitude subtraction re-
jects it as common mode; a field induced by the shield’s
electron-spin response [39] carries the magnetic signature
and is likewise rejected. In the phase channel the resid-
ual effect is negligible for KSVZ, vanishes for DFSZ-II at
large tan 8 (though not at small), and for DFSZ-I modi-
fies the phase signature at the tens-of-percent level across
the band, scaled by an O(1) shield-response factor, so a
DFSZ-I interpretation should fit the full coupling set.

A single-channel spin-based sensor is sensitive to only
one effective coupling and cannot separate the proton
and neutron contributions; recovering their ratio has so
far required comparing several distinct devices [24]. In
contrast, the calibration-free, dual-channel method can
enable a measurement of the underlying coupling struc-
ture even with a single vapor cell.

Discussion. The correlated dual-alkali measurement
adds four capabilities to a conventional comagnetometer:
it subtracts the correlated magnetic background to the
uncorrelated readout floor—a ~30-fold suppression that
raises the SNR by up to more than an order of mag-
nitude (depending on coupling)—in the high-frequency
band where self-compensation fails; it recognizes an ex-
otic perturbation by an inter-species phase difference up
to three orders of magnitude above the magnetic baseline;
it supports a tunable antiresonance that can be brought
to exact nulling; and it reads out the coupling ratio R cal-
ibration free from a single cell, so that for a sufficiently

strong detection the same data determine the signal’s
nucleon coupling structure, the quantity against which
candidate models are tested, information a single spin-
based sensor does not carry. The antiresonance, like the
phase map, can be generated and verified in situ with
the synthetic exotic field [24]. The scheme applies to any
signal that couples to the two species differently than a
magnetic field does, and requires only modest additions
to a standard search apparatus (a second probe laser,
its polarimetry chain, and a dichroic splitter), allowing
retrofits of existing devices.

Outlook. The scheme is not specific to exotic fields:
any perturbation that acts on the two species differ-
ently than a magnetic field does is converted into a dif-
ferential signal, while the magnetic background is sub-
tracted. This opens several directions. In principle, an
electron electric dipole moment, whose atomic enhance-
ment differs strongly between 3"Rb and 2°K, becomes a
species-selective signal, while the magnetic noise of the
electrode currents is subtracted as common mode. Dual
light-shift spectroscopy at selected wavelengths can de-
termine ratios of dipole matrix elements with high pre-
cision. The compensation optimum and the antireso-
nance location depend on the alkali-3He Fermi-contact
enhancement factors, offering a single-cell precision mea-
surement of their ratio, currently known only to a few
percent [26]. Extending the method to more alkalis with
comb-referenced probes would overdetermine the cou-
plings while suppressing differential probe drifts. This
single-cell correlated approach opens a path to high-
sensitivity probes of exotic fields and a new generation
of detectors for precision measurements.
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SUPPLEMENTAL MATERIAL

1. Simulation parameters and nuclear spin content

This section collects the numerical inputs used throughout the paper. Table I lists the cell parameters, rates,
and field settings that enter the coupled Bloch equations [Eq. (4) in the main text] for the dual-alkali 8"Rb-3K-3He
system. Table II provides the fractional contributions of the neutron and proton spins to the total nuclear spin of each
species; these spin-content factors U%’p determine the species-dependent exotic couplings &; via Eq. (5) in the main
text. Table III lists, for each alkali-noble pair, the range of the coupling ratio R = &,,/¢, over which an exotic-field
antiresonance can occur. The cell uses isotopically enriched 8"Rb; natural rubidium is 72% 8°Rb (I = 5/2), and

enrichment leaves a single rubidium isotope, so that the 3’Rb channel has a single, well-defined slowing-down factor.

TABLE I. Simulation parameters for the dual-alkali 8" Rb->K->He comagnetometer. The 3He gyromagnetic ratio and magnetic
moment are negative; magnitudes are listed. The alkali vapor densities follow from the saturated-vapor-pressure formulas [32]
scaled by the 10:90 8" Rb:3°K mole fraction.

Parameter Value Units
Temperature, T' 180 °C
3He concentration, nag, 3 amg

8"Rb-*He spin-exchange rate coefficient, xkrp e 6.7 x 10720 [26] cm®/s
39K-*He spin-exchange rate coefficient, sk ne 5.5 x 1072° [26] cm?®/s

8TRb-39K spin-exchange rate coefficient, sgrpx 1.2 x 107° [26] cm®/s

8"Rb—3He enhancement factor, ARb, He 8m/3 x 6.2 [26]

39K-3He enhancement factor, Ak me 8m/3 x 5.8 [26]

Electron gyromagnetic ratio, ve 2m - 2.8 MHz/G
3He gyromagnetic ratio, yse 27 - 3.24 kHz/G
Alkali magnetic moment, a1k 9.274 x 10721 erg/G
3He magnetic moment, psy, 1.159 x 1072 pran erg/G
87Rb relaxation rate, I'rp 600 Hz
39K relaxation rate, 'k 600 Hz
3He relaxation rate, sy, 5x 1075 Hz
8"Rb pump rate (dual-alkali cell), R, rp 1200 Hz
39K pump rate (**K-*He cell), R, x 600 Hz
Compensation parameter, a 0.578

8TRb:%K ratio (mole fraction) 10:90 %
8"Rb vapor density, nrp 4.0 x 10*3 cm ™3
39K vapor density, nk 5.45 x 103 cm ™3
8TRb equilibrium polarization, PP 0.46

39K equilibrium polarization, PX 0.45

3He equilibrium polarization, PHe 0.047

2. The compensation optimum «o*

The compensation field of Eq. (6) in the main text interpolates only the *He-on-alkali term between the Rb-optimal
(o = 0) and K-optimal (a = 1) settings, because a single applied B, cannot simultaneously compensate both alkalis
when Arp e # Ak He- The optimal weight has a simple physical origin. The 8"Rb-39K spin-exchange rate is large
(Table I), so the two alkalis are locked into a single collective transverse mode and precess together. This collective spin
experiences the *He magnetization not as two separate fields but as one effective field equal to the number-weighted
average of the individual couplings,

T'Rb ARb,He + 1K AK,He
AAHe) = : —, 8
< A>H> N ( )



TABLE II. Fractional contributions of the neutron and proton spins, ¢?, and O'g;, to the total nuclear spin of each species.
3He, %K and ¥ Rb are the species of the dual-alkali cell analyzed in this work; 2!Ne is included as a further noble gas for
the general comparison of Table III. The ®He values rest on a full-scale shell-model calculation, the 3°K values on a detailed
perturbation-theory calculation, and the 8"Rb and 2'Ne values on the corresponding nuclear-structure estimates; see the cited
references. These spin-content factors set the species-dependent exotic couplings &; through Eq. (5) in the main text.

Species oy Op Refs.
SHe 0.87 —0.027 [28, 35]
2INe  0.196 0.013  [36]
K 0.034 —0.131 [28, 37]
8Rb  0.083 0.251  [38]

TABLE III. Range of R for which the read-out alkali A and the noble gas N have opposite-sign exotic couplings. With
C; = o}, + R o}, the condition C4Cn < 0 is necessary for an exotic-field antiresonance; it holds for R between the sign-reversal
ratios R = —U{; / ol when o and o} share a sign (as for all pairs here), and outside that interval when they differ. In the
dual-alkali 8"Rb-3K-3He cell 3*K has both partners, so its range is the union (—3.02,3.85), which contains R = 0.

Pair (A-N) (R%, Ry) Antiresonance range
39K -3He (3.85, 0.03) 0.03 <R < 3.85
8TRb-*He (—3.02, 0.03) —3.02< R <0.03
BK-2Ne  (3.85, —0.07) —0.07<R < 3.85
8"Rb-?'Ne (—3.02, —0.07) —3.02 < R < —0.07

where the weights are the polarized-spin populations of the two alkalis (equal here, since PR ~ PX| so the number
densities suffice). Matching the interpolated He term [(1 — a)Arp He + @Ak He) to this collective coupling gives

at= "%  ~0576, (9)
NRb + MK

the 39K fraction of the total alkali density. For the cell of Table I, Eq. (9) evaluates to 0.576, and the value that
numerically minimizes the residual very-low-frequency (DC) magnetic response is 0.579 for the 3°K channel (0.570 for
8TRb), bracketing Eq. (9). At this weight a DC magnetic field is suppressed by ~1.4 x 10* in the K channel and
~2.7 % 10% in the 8"Rb channel relative to the on-resonance response—one to two orders of magnitude better than the
~150 obtained when either alkali is set to its own compensation point (a = 0 or 1), because the compromise matches
the locked collective mode rather than either alkali individually. We adopt a = 0.578 throughout.

Compensation nulls the DC amplitude response, but the two alkalis keep a small difference in Larmor frequency,
which leaves a residual magnetic phase difference Ap? that grows toward low frequency: about 2.5 mrad at 100 Hz,
15mrad at 10Hz, and larger toward DC. The phase-based rejection therefore stays at the milliradian level within
the 70-120 Hz search band considered here, and degrades below it; equalizing the two Larmor frequencies with a
species-selective light shift would extend it to lower frequencies.

3. The exact-null locus of the antiresonance

The transverse polarization is decomposed in the Bloch ansatz P, (t) = Pre™!+ P_e~*! with P, and P_ obtained
from the linearized steady state. The z-projection is P, = [Py + (P-)*]/2, which is proportional to the observable
[Eq. (2) of the main text], and vanishes exactly when Py = —(P_)*. This is a single complex condition, equivalent to
two real ones: amplitude equality, |Py| = |(P-)*|, and a phase offset of m between Py and (P-)*. These constitute
two real equations on the three-parameter space (a, R,w), so the subset on which both hold simultaneously is one-
dimensional, and along it |PX| is exactly zero. The operating points shown in Fig. 2(b) of the main text illustrate
the sharp difference between antiresonances that do (o = 0.773, 72Hz) and do not (« = 0.578, 157Hz) belong to
this subset. The same mechanism produces an analogous antiresonance in the 8”Rb response at a different frequency
(= 130 Hz at a = 0.578, R = 0), which is exploited by the amplitude channel in Fig. 3(d) of the main text.



4. The phase-difference map and recovery of the coupling ratio
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FIG. 4. Ap(w;R) for the dual-alkali Rb-K-*He cell at o = 0.578. (a) Heatmap of Ay across the (R,w) plane, wrapped to
[—m, ) for the cyclic color bar; the black dashed line marks the central value of the KSVZ prediction, R = 0.04. (b) Unwrapped
cross sections at two representative model-motivated ratios, R = 0.04 (central KSVZ prediction, blue) and R = —0.46 (large-
tan 8 DFSZ boundary, purple), comparing the exotic phase difference Ay (left axis, radians) to the magnetic baseline Ap?
(dashed red, right axis, milliradians): a separation of up to three orders of magnitude enabling high common-mode rejection.
Beyond the antiresonance |A¢g| exceeds 7, so the unwrapped curves in (b) equal the wrapped map in (a) up to 2w. The map
suppresses the magnetic response to the milliradian level while serving as a matched filter for a specific coupling ratio R.

Figure 4 shows how to recover R by mapping Ay across the (w,R) plane [panel (a)] and contrasts the exotic
and magnetic responses along representative cross sections [panel (b)]: for the model benchmarks the exotic phase
difference exceeds the magnetic baseline A by up to three orders of magnitude across the band, while Ap? itself
remains negligible across the band. Given a candidate transient that triggers the system, one computes the cross-
spectral phase between the simultaneously recorded PX(t) and PRP(t) records over the frequency band and compares
it to the calibration map Ap(w;R) for R.

The nuclear spin-content factors o7, , carry theory uncertainties: at the percent level in absolute terms for 3He and

larger for the alkalis. For the recovered R this translates to a comparable fractional uncertainty. The sign-reversal
ratio Ry, = —O’ZI){Q/U,}LIQ = 0.027/0.87 =~ 40.03 is more sensitive, since U;Ie is itself a small number: a percent-level

absolute shift moves Rj, by tens of percent, shifting the nucleon ratio to which the measured antiresonance and
benchmark phases correspond. These spin-content uncertainties enter the recovered R on the same footing as the
theory uncertainties of the model predictions themselves: KSVZ-type models fix R = 0.04 £ 0.06, dominated by the
nucleon coupling C,, = —0.02(3), with C}, = —0.47(3) [41], while DFSZ-type models sweep R monotonically downward
across [—0.41,40.65] as tan 8 (defined as v, /v4) traverses its perturbative window 0.25 < tan < 170, broadening to
~[—0.47,40.88] once the coupling uncertainties are included, and passing through the KSVZ band near tan 8 ~ 0.74.
The observable is therefore reported as a measured coupling ratio: it excludes a model class only when the value falls
outside that class’s range, and it cannot separate the classes where their predictions coincide.

Cross-talk between the two probe channels contributes a small systematic to Ag. Optical leakage of one probe into
the other’s photodiode is suppressed to the 1076 level by a narrow-band interference filter in each polarimetry arm.
What remains is atomic: each probe picks up a small Faraday rotation from the other alkali’s far dispersive tail, at
the percent level or below for probes detuned ~0.1 THz from their own D1 lines, which translates to a Ay offset of a
few mrad. This offset is static and is absorbed by the in-situ synthetic-field calibration. A strong light-shift transient
might appear as an exotic-field candidate: it does not share the magnetic channel ratio, so it survives the correlated
subtraction and shows up in the residual r just as a genuine signal would. The second observable, the phase difference,
separates the two. A light shift couples to the alkalis species-selectively rather than through the common electronic
gyromagnetic ratio, so it arrives with its own phase signature, set by the ratio of the shifts it imposes on the two
alkalis. This ratio is fixed by the laser detunings and does not depend on the amplitude of the transient. In the
Bloch model at 100 Hz, a shift acting on Rb (K) alone produces Ap = —66 (+51) mrad, compared with +2.5 mrad for
the magnetic background and —0.17 (+0.13) rad for an exotic drive at R = 0.04 (—0.46). A candidate whose phase
difference falls off the calibrated map Ap(w; R) is therefore identified as a light-shift artifact and rejected, at no cost



to genuine events.

5. Two-channel cancellation and Wiener recovery

The field-referred channels of Eq. (7) in the main text, z; = é%/TjB, are combined as r(w) = zk (w) — H(w) zrp (W),
with the transfer estimate

() 7y (@)
Hw) = @) 10)

computed by Welch averaging over exotic-signal-free records (the magnetic background is always present and is
precisely what H learns); for transient searches these are the off-trigger records, while for a persistent (continuous)
signal H must be estimated from neighboring frequency bins to avoid partial self-nulling of the signal. The quality
of H is set by the number of averaged segments rather than by any single window: in the band where the correlated
background dominates the referred channels, z;, the ordinary coherence between them is near unity, so the cross-
spectral estimator converges within a handful of segments (seconds of data at the simulation sampling), and the useful
record length is limited by the stationarity of the background rather than by counting statistics. The simulation
estimates H from a 200s signal-free record (100 two-second segments). Since the correlated background dominates
both referred channels, H — 1, and any miscalibration of the magnetic transfer functions TjB folds into H and
cancels; the model enters only the amplitude scale of the recovered waveform. The exotic waveform is then recovered
by Wiener deconvolution in the declared search band,

G*(w)r(w)
|G(W)? + Snn(w)/Sp(w)

b(w) = G = xk — H xro, (11)
where S,,,, is the residual (uncorrelated) noise spectrum and S a flat prior for the signal spectrum in the band; no
template for the signal’s shape or timing is assumed. The simulation of Fig. 3 in the main text uses a sampling rate
of 500 Hz, a declared search band of 70-120 Hz, and a 2s spectral window, with the transient amplitude set so that
the single-channel spectral SNR is 0.5.

The search itself is broadband: the subtraction and the retention g(f) operate across the declared band at a fixed
operating point, with no scanning, and the usual per-bin trials factor of a spectral search applies. The phase readout
requires no tuning: the cross-spectral phase of the recorded data is compared to the map at the known operating
point a. It is possible to choose the operating point in advance to place the steep region of the map within the search
band; for persistent candidates, stepping B, additionally tests whether the signal tracks the calculated o dependence.

6. Noise budget for the dual-channel subtraction

The adaptive subtraction removes any perturbation that carries a common magnetic signature; the residual floor
is therefore set by noise that is not common-mode. Four classes are relevant.

Species-selective (light-shift) noise. Pump light-shift fluctuations, driven by drifts in probe intensity, detuning, or
beam pointing, act on a single alkali as an effective transverse field, the same signature class as the exotic signal. The
spin-exchange locking that pins the magnetic phase difference also transmits a 87Rb-only effective field to the 39K
channel with amplitude ratio 0.975 at 100 Hz; accounting for the small relative phase of the two field-referred transfers,
the subtraction suppresses it by ~14, leaving ~7%. The exotic signal is not suppressed in the same way because part
of it is carried by a 3He-mediated arm that a light shift lacks. An effective-field drive appears in the field-referred
channel with transfer |TS /T | & 0.43 at 100 Hz; requiring the residual to fall below the recovered 0.22 fT /v/Hz floor
then sets a budget line §Brg < 7fT/v/Hz of 8"Rb-equivalent effective field at 100 Hz, met by standard detuning and
intensity control. The simulation of Fig. 3 injects 1{T'/ VHz, well within this budget.

Response-ratio stability. The cancellation holds while the ratio ¢ = T2/ Tf?b of the two magnetic transfer functions
is stable. A fractional drift dc in this ratio leaks the correlated background into the residual r at the level dc, so
reaching the 0.22 T /v/Hz floor requires dc < 3% over the timescale on which H is re-estimated: This is a stability
requirement, not a calibration: H measures the ratio from the data, so its absolute value is never required; it must
only stay constant between successive re-estimations. This requirement is loose: because spin-exchange locking makes
the two alkalis respond as a single collective mode, c is nearly insensitive to the operating point—in the Bloch model,
dln|c|/dT =~ 5x10~* K~ at 100 Hz, so ordinary cell-temperature control leaves orders of magnitude of margin, and H
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is in any case re-estimated from each ~200s record. The operating point itself, and with it the antiresonance location
and the phase map, follows the *He magnetization through the compensation condition. Closed-loop control of the
compensation field, demonstrated on the same °K-8"Rb-®He platform in Ref. [30], holds this point fixed against
the slow (hours-scale) 3He polarization dynamics, so the phase map needs only occasional re-verification with the
synthetic-field calibration rather than continuous re-measurement.

Differential gradient sampling. 8"Rb is pumped directly while 3°K is polarized through spin exchange, so the two
polarization profiles are not identical, the two channels sample the field at slightly different effective positions, and a
magnetic-field gradient is not perfectly common-mode. The offset between the two effective positions is bounded by
the distance a K atom diffuses before equilibrating with the local Rb polarization, ¢ = 1/¢D/(krpk nrp) = 50 pm for
the parameters of Table I, so the two profiles coincide to this scale. Even allowing a tenfold margin (0.5 mm), shield
Johnson-noise gradients at the level of Ref. [3] contribute at most 0.08 fT/v/Hz, a fraction of the residual floor.

Spin-projection noise. The standard single-species estimate, dB =~ (1/7.)1/2¢T'/(n;V) [1, 5], with the densities of
Table I and the effective volume V = 1cm? over which the 10 mm probe beam overlaps the pumped column in our
20-mm-diameter spherical cell, gives 0.06 and 0.07 {T/ VHz for the 3°K and 8"Rb channels; added in quadrature by
the subtraction, this is about 0.09 fT'/ VHz, a factor of two below the readout floor.

All four error budget terms lie at or below the recovered 0.22 fT/v/Hz readout floor, so none limits the simulation
of Fig. 3 in the main text.
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