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We study the signal and background that arise in nuclear magnetic resonance searches for axion dark
matter, finding key differences with the existing literature. We find that spin-precession instruments are
much more sensitive than what has been previously estimated in a sizable range of axion masses, with
sensitivity improvement of up to a factor of 100 using a 129Xe sample. This improves the detection
prospects for the QCD axion, and we estimate the experimental requirements to reach this motivated target.
Our results apply to both the axion electric and magnetic dipole moment operators.
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The axion, a light scalar whose leading interactions
exhibit a shift symmetry, is one of the most compelling
extensions to the standard model of particle physics.
Originally proposed as an elegant solution to the strong
CP problem [1–4], axions have since been appreciated for
both their ubiquity in string theory [5–7] and the generic
expectation that they contribute to cold dark matter
through, for example, misalignment production [8–10].
The continuous shift symmetry of the axion leads to a
natural expectation that the axion should be an extraordi-
narily light state, with mass ma ≪ 1 eV suppressed by its
decay constant fa, which arises from breaking the con-
tinuous symmetry to a discrete one via instanton effects.
Such a small mass implies that axion dark matter on Earth
should be well described by a classical wave.
At low energies, the possible interactions of an axion, a,

with a nucleon N take the following form:

L ⊃ gNð∂μaÞN̄γμγ5N −
i
2
gdaN̄σμνγ5NFμν: ð1Þ

In the presence of an axion-wave background, these
interactions source an oscillating magnetic dipole (MD),
weighted by gN ∝ 1=fa, and an oscillating electric dipole
(ED), weighted by gd ∝ 1=mNfa, with mN the nucleon

mass. For the QCD axion, gN depends on the charge
assignments and field content of the UV theory, where-
as gd depends on the term that resolves the strong CP
problem, ða=faÞGμνG̃μν, and is fixed to gd ¼ ð3.7� 1.5Þ ×
10−18 GeV−2ð1015 GeV=faÞ [11]. For a nonrelativistic
nucleus, these interactions lead to the Hamiltonian,
Hint ¼ −2ðgN∇aþ gdaE�Þ · S. Here, S is the nucleon spin
operator, and E� is the effective electric field felt by a
nucleus (and differs from the applied field by at least 2
orders of magnitude due to shielding by the atomic
electrons). By drawing an analogy between the interaction
of spins and a magnetic field, the axion-nucleus interaction
can be characterized as an effective axion magnetic field,

BaðtÞ ¼ −
2

γ

�
gN∇aðtÞ ðMDÞ;
gdE�aðtÞ ðEDÞ; ð2Þ

with γ being the gyromagnetic ratio of the nucleon. This
axion-induced magnetic field can be detected using spin-
precession techniques such as nuclear magnetic resonance
(NMR), as originally proposed in the seminal CASPEr
papers [12,13], and it was further developed experimentally
and theoretically in Refs. [14–23]. The CASPEr approach
is opening up a frontier for axion dark-matter direct
detection beyond the widely exploited axion-photon cou-
pling (for related proposals, see Refs. [24–44]).
In this Letter, we revisit the sensitivity of spin-precession

experiments, clarifying fundamental aspects of the behav-
ior of the expected axion signal and noise sources. The
system depends on three fundamental timescales: the axi-
on coherence time, τa ∼ ð4 neV=maÞ sec, the transverse
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spin-relaxation time, T2, and the experimental integration
time, T. We demonstrate that there are two previously
overlooked effects that enhance the growth of the signal
when τa < T2, a realization that improves the prospects for
QCD axion detection with spin-precession instruments, and
we comment on the requirements to achieve this goal. We
further reconsider a dominant noise source—spin-projec-
tion noise—and demonstrate that it is larger at high axion
masses, thereby reducing the utility of using materials with
large magnetic moments.
The NMR axion signal.—We begin with a brief review of

spin-precession axion experiments. Fundamentally, they
involve a macroscopic sample of atoms with nonzero
nuclear spin placed within a static magnetic field, B0.
The field induces a bulk magnetization M0 that is parallel
to B0. A perpendicular magnetic field—such as that
induced by the axion—will rotate the nuclear spins by a
small amount. However, as soon as they do, the spins will
precess around B0 at the Larmor frequency, ω0 ≡ γB0,
generating an oscillating transverse magnetization, which
can then be detected with a sensitive magnetometer. For
ma ∼ ω0, the effect is resonantly enhanced, with the width
of the system’s response controlled by the transverse
relaxation time, T2, which is a macroscopic property of
the sample and quantifies how long the precession of the
transverse spins can be maintained coherently. By varying
B0, the instrument can scan a range of axion masses.
To study the dynamics of the magnetization, we turn to

the Bloch equations. Preparing the sample with
M0 ∝ B0 ∝ ẑ, the Bloch equations read

dM
dt

¼ M × γB −
Mxx̂þMyŷ

T2

−
ðMz −M0Þẑ

T1

: ð3Þ

The longitudinal relaxation time commonly satisfies
T1 ≫ T2, and we will work in the limit where T1 is much
longer than any other timescale of interest, so that it will
play no further role in our discussion. We decompose the
magnetic field as B ¼ B0ẑþBaðtÞ. As jBaðtÞj ≪ B0,
we study the magnetization perturbatively, taking M≃
M0 þMa, and we will work only to linear order in the
axion-induced fields throughout [45]. Working to this
order, MzðtÞ ¼ M0, leaving the dynamics to the transverse
magnetizations,

_Mx ¼ ω0My − T−1
2 Mx −M0γBay;

_My ¼ −ω0Mx − T−1
2 My þM0γBax: ð4Þ

These equations can be decoupled. If we measure the x̂
component of the magnetization, the equation to solve is

M̈x þ 2T−1
2

_Mx þ ω2
0Mx ≃ FðtÞ;

where; FðtÞ ¼ γM0½ω0Bax − _Bay�: ð5Þ

Here and throughout, we neglect terms of Oð1=ω0T2Þ, as
they are significantly suppressed. Equation (5) has reduced
the system to the form of a simple harmonic oscillator with
a resonant frequency ω0 and bandwidth 1=T2, that is being
driven by the axion wave. Assuming Mxð0Þ ¼ Myð0Þ ¼ 0,
the solution is given by [46]

MxðtÞ ¼
1

ω0

Z
t

0

dt0 eðt0−tÞ=T2 sin ½ω0ðt − t0Þ�Fðt0Þ: ð6Þ

To complete our solution for the magnetization, we
require a model for the axion field. Here we treat the axion
as a field with a fluctuating phase—we show that our
results are reproduced when the axion is modeled as a sum
over plane waves in [47]. The axion is taken to have
constant amplitude a0 ¼

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
=ma, fixed by the local

dark-matter density, and oscillates with frequency
ωa ≃mað1þ v2=2Þ. The statistics of the field are then
encoded by requiring the field, which carries velocity
v ∼ 10−3, obtain a new random phase uniformly sampled
on ½0; 2πÞ, every coherence time, τa ¼ 2π=mav2 [48]. Each
time the phase is updated, we further update the direction of
the axion field’s momentum, k (where jkj ¼ mav), though,
parametrically, our results are insensitive to the stochastic
nature of the momentum vector. In summary,

FðtÞ ¼ A cos½ωatþ φðtÞ�;

A≡ 2M0a0

�
gN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
0ðk · x̂Þ2 þ ω2

aðk · ŷÞ2
p

;

gdω0E�;
ð7Þ

where we focus on the dominant term in the driving force,
which carries a phase φðtÞ, uniformly sampled on ½0; 2πÞ,
but shifted from the axion phase. Furthermore, we assumed
E� ∝ x̂ for the ED operator. From Eq. (5), a resonant
response is induced in the system when jω0 − ωaj≲
πmax½τ−1a ; T−1

2 �. We will assume a scan strategy such that
this condition is always satisfied, and thereby assume
ωa ≃ ω0.
Whenever t ≪ τa, the axion behaves as if it were a

perfectly coherent driving force: φ and k are constant, so
that Eq. (6) yields the following oscillating solution

MxðtÞ ≃ ð1 − e−t=T2ÞAT2

2ω0

sin½ω0tþ φ�: ð8Þ

For t ≪ T2, the amplitude grows linearly in time. Beyond
T2, however, the growth saturates.
We next extend these results to finite τa. Because of the

stochastic variation of φ and k for t > τa, it is useful to
compute the autocorrelation function of the induced mag-
netization, Cðt; t0Þ≡ hMxðtÞMxðt0Þi,

Cðt; t0Þ ¼ 1

ω2
0

Z
t

0

dt̄
Z

t0

0

dt̄0e−ðt−t̄Þ=T2e−ðt0−t̄0Þ=T2

× sin ½ω0ðt − t̄Þ� sin ½ω0ðt0 − t̄0Þ�hFðt̄ÞFðt̄0Þi: ð9Þ
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The expectation value vanishes unless the random phases
are identical, which requires jt̄ − t̄0j < τa, so that

hFðt̄ÞFðt̄0Þi ¼ 1

2
hA2i cos ½ω0ðt̄ − t̄0Þ�Θðτa − jt̄ − t̄0jÞ; ð10Þ

in terms of the step function Θ. (Here, we have also used
that φ and k are uncorrelated.) The remaining expectation
value can be determined by averaging over the incident
direction of the axion, yielding

hA2i ≃ ð2M0a0ω0Þ2
� ðgNω0vÞ2=3;
ðgdE�Þ2: ð11Þ

At short times (t; t0 ≪ τa) where the axion is continuous,
we have [cf. Eq. (8)],

Cðt; t0Þ ¼ hA2iT2
2

8ω2
0

cos½ω0ðt − t0Þ�

× ð1 − e−t=T2Þð1 − e−t
0=T2Þ: ð12Þ

At longer times, the stochastic fluctuations in the axion
associated with τa must be accounted for. Combining
Eqs. (9) and (10), for t; t0 ≫ τa we can evaluate the integral
by rotating coordinates to t̄� t̄0, yielding

Cðt; t0Þ ¼ hA2iT2τa
16ω2

0

cos½ω0ðt − t0Þ�

× e−ðtþt0Þ=T2ðe2 minðt;t0Þ=T2 − 1Þ: ð13Þ

Equations (12) and (13) allow us to infer the growth of the
magnetization in the presence of a finite τa, as Cðt; tÞ ¼
hM2

xðtÞi. First, for t ≫ T2, we see that the growth saturates
even with a finite coherence time in the driving force,
implying saturation occurs in this limit regardless of the size
of τa. For t ≪ T2, however, the behaviors differ,

lim
t≪T2

hM2
xðtÞi ¼

hA2i
8ω2

0

�
t2 t ≪ τa;

τat t ≫ τa:
ð14Þ

The first result, that the amplitude of the magnetization
grows linearly with time for t ≪ τa; T2, is consistent with
Eq. (8). However, for τa < t < T2, we see that the amplitude
continues to grow, leading to an ever-increasing size, albeit
as

ffiffi
t

p
. Intuitively, this transition in behavior can be under-

stood as the magnetization executing a random walk. For
t > τa,MxðtÞ in Eq. (6) is now a sum of contributions from
the axion field at different coherence times, all of which are
out of phase. The sum is analogous to a 2D random walk
with steps of length τa (given the growth for t < τa), and
with a number of steps t=τa, so that we expect jMxðtÞj ∝ffiffiffiffiffiffi
tτa

p
, exactly as found (cf. Ref. [50]). In Fig. 1 (left), we

show the growth of the magnetization for various axion
masses, computed directly from Eq. (9). The three regimes
(t < τa, τa < t < T2, T2 < t) can be clearly observed.
To compute the experimental sensitivity to a highly

coherent axion signal, it is convenient to move to the
frequency domain. We imagine a dataset fMn ¼ MxðnΔtÞg

FIG. 1. Projections for the sensitivity of a prototypical spin-precession experiment to the magnetic dipole moment operator,
gNð∂μaÞN̄γμγ5N. Left: The axion-induced growth of the magnetization determined from the Bloch equations. At short times the
magnetization grows ∝ t, saturating at T2. If τa < T2, the amplitude grows ∝

ffiffi
t

p
for τa < t < T2. The magnitudes are compared to those

from a SQUID and spin-projection noise, evaluated at k� ≡ ω0T=2π, and assuming an integration time T ¼ T2. Right: Projected
sensitivity to gN (solid) in comparison to previous projections of Ref. [12] (dashed), for an almost identical scan strategy. Strengthened
sensitivity for ma ≫ 2π=v2T2 arises primarily due to the signal growth we account for when τa < t < T2, whereas the suppression at
lower masses arises partially from a refined estimate of the spin-projection noise. Blue and red lines correspond to xenon and helium
targets, and for the latter we label a “QCD axion targeted” for the results that could be obtained with negligible spin-projection noise and
five years of integration time.
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of measurements of the magnetization collected at a
frequency 1=Δt, for an integration time T ¼ NΔt. We
can then compute the power spectral density (PSD) as [51],

Pk ¼
Δt2

T
hjM̃kj2i; M̃k ≡

XN−1

n¼0

e−i2πkn=NMn: ð15Þ

We can compute the PSD exactly for arbitrary T, T2, and τa
[52]. The result is particularly simple for T ≫ T2, taking
the form

Pa
k ≃

hA2iT2
2

16ω2
0

8<
:

4
Δω2

kT
sin2½1

2
ΔωkT� T ≪ τa;

τa
1þΔω2

kT
2
2

T ≫ τa;
ð16Þ

withΔωk ≡ 2πk=T − ω0. Because of the resonant response
of the sample, the signal peaks for Δωk ≃ 0. For
T2 ≪ T ≪ τa, the signal falls dominantly in a single k
bin, or, exactly, if ω0T=2π ∈ N. Once T > τa; T2, the
signal becomes resolved into multiple bins. This will
impact the signal-to-noise scaling, as we will discuss after
considering the relevant background contributions.
Noise sources.—The axion signal must be detected on

top of three relevant Gaussian background contributions:
thermal noise, SQUID noise, and spin-projection noise
[54]. Thermal noise arises in the readout circuit and can be
suppressed by cooling the apparatus, and we assume this
can be done sufficiently for this noise source to be
neglected (for details, see Ref. [23]). The transverse
magnetic field, related to the transverse magnetization by
an Oð1Þ factor which we take to be unity (see Ref. [47]), is
read out using a SQUID. This magnetometer noise is
frequency independent for f ≳ 10 Hz [56,57] and can be
modeled as,

CSQðt; t0Þ ¼ δðt − t0Þ 1

A2
eff

PSQ
ΦΦ ⇒ PSQ

k ¼ 1

A2
eff

PSQ
ΦΦ; ð17Þ

where by default, we take PSQ
ΦΦ ≃ ðμΦ0Þ2=Hz, with Φ0 the

magnetic flux quantum, and Aeff is the effective area of the
sample sensed by a pickup loop, which we take to be
≃0.3 cm2, following Ref. [13].
The final background source we consider is spin-pro-

jection noise, which originates directly from the quantum
nature of the nuclear spins in the sample [58]. We can
determine its magnitude from the autocorrelation function.
Consider two successive measurements of the spin operator
along the x̂ direction, Sx, taken at t and then t0. The
operators are related through the time evolution operator,
UðtÞ ¼ expðiω0SztÞ, Sxðt0Þ ¼ U†ðt0 − tÞSxðtÞUðt0 − tÞ. The
magnetization can be determined from the sum over all
nuclear spins, and assuming the sample is hyperpolarized
(i.e., unit polarization fraction) we obtain,

CSPðt; t0Þ ¼
γ2

2V2
e−jt−t0j=T2

X
i

hSðiÞx ðtÞSðiÞx ðt0Þi þ H:c:

¼ γ2nJ
2V

e−jt−t0j=T2 cos ½ω0ðt − t0Þ�; ð18Þ

where J is the nuclear spin, n is the number density of
spins, and V is the volume of the sample. The exponential
factor is included to account for transverse-spin relaxation,
and for further details, see Ref. [47]. Equation (18) exhibits
a V−1 scaling, which suggests that for a large enough
sample, this noise source can be suppressed. The corre-
sponding PSD for t; t0 ≫ T2 is given by

PSP
k ¼ γ2nJ

2V
T2

1þ Δω2
kT

2
2

: ð19Þ

This result determines the spin-projection noise for an
arbitrary J, assuming a hyperpolarized sample.
Experimental sensitivity.—We now combine the above

results to forecast the expected sensitivity to an axion-
induced signal. We use the signal PSD in the τa ≫ T and
τa ≪ T limits and compare it to the background PSD, using
all k-bins and the likelihood framework presented in [47]
(employing the formalism of Ref. [50] and inserting the
Asimov dataset [59]). Above the transition region of
τa ¼ T, we interpolate between the two regimes with a
horizontal line. In principle, one could extend our analysis
to handle the intermediate regime. Detailed projections
require us to specify explicit experimental parameters.
Even before this, we can determine the sensitivity scaling
with integration time, which varies depending on the
hierarchy between τa, T2, and T. Specifically,

T ≪ τa; T2 ⇒ g ∝ T−3=2

τa ≪ T ≪ T2 ⇒ g ∝ T−1

T2 ≪ T ≪ τa ⇒ g ∝ T−1=2

τa; T2 ≪ T ⇒ g ∝ T−1=4; ð20Þ

where g ¼ gN; gd. The growth becomes slowest once T is
the largest timescale, and the signal is resolved into
multiple bins. These scalings are derived in [47], however,
they arise from comparing the growth of the signal and
background. For instance, for T2 ≪ T ≪ τa, where the
signal is dominantly in a single bin, k� ≡ ω0T=2π, we see
that Pa

k� ∝ T from Eq. (16), whereas PSQ
k� and PSP

k� are
independent of T. Estimating sensitivity by matching the
signal to the background, we find the limit scales as
g ∝ T−1=2.
To provide quantitative projections, we match the

parameters specified in the CASPEr papers [13,24], focus-
ing on the magnetic dipole operator. The accessible Larmor
frequencies set the mass range we consider, and we take
10−14 eV < ω0 < γBmax, with Bmax the maximum mag-
netic field. We fix T2 ¼ 100 sec and for each mass, adopt a
variable integration time, T ¼ max½τa; T2�, to ensure we
always run until the T−1=4 growth sets in from Eq. (20).
This implies that the signal, and therefore the likelihood,
remains dominated by a single frequency bin. To ensure
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each mass is covered only once, resonant frequencies are
adjusted by 2πmax½τ−1a ; T−1

2 �.
We consider two different spin-1=2 samples, and both

assumed to be hyperpolarized. The first consists of pure
xenon-129, which has a nuclear magnetic moment of
0.78 μN and a nuclear spin density of 1.3 × 1022 cm−3,
and we assume Bmax ¼ 10 T. The second is a more
optimistic projection using helium-3—μ ¼ 2.12 μN and
n ¼ 2.8 × 1022 cm−3—and Bmax ¼ 20 T, as well as
assuming the SQUID noise can be decreased by two orders
of magnitude below that discussed around Eq. (17). As
shown in [47], to cover the full mass range, these two
experiments would require a total integration time of 56.1
and 61.5 yr, respectively.
Our results are shown in Fig. 1 (right), and contrasted

with the projections of Ref. [12]. The discrepancy has at
least three sources: (i) the additional growth of the signal
we have accounted for when τa < T < T2, see Eq. (14);
(ii) a different treatment of the spin-projection noise; and
(iii) a different calculation of the Larmor frequency given
Bmax [60]. For the spin-projection noise, we compute the
value for each k with Eq. (19)—recall the signal is
dominantly peaked in a single bin—rather than integrating
a result over a range of frequencies near ω0, as in Eq. (A2)
in Ref. [13]. Further discussion is provided in [47], where
we also contrast our results for the electric dipole operator.
As a final benchmark, in Fig. 1, we also show the helium-3
sensitivity assuming that spin-projection noise could be
evaded, and the mass range is set by assuming five years of
integration time. This benchmark cuts into the QCD axion
parameter space, illustrated by the yellow band [61].
Discussion.—In this Letter we have derived the axion-

induced signal in spin-precession experiments. These
instruments remain one of the most promising paths to
measuring axion-induced magnetic and electric dipoles,
and our calculations demonstrate that their sensitivity is
significantly different to what has previously been esti-
mated. Arguably our most important finding is the
enhanced detection prospects for the QCD axion at high
masses, a result which arises from the continued growth of
the axion-induced signal when integrating beyond the
axion coherence time [62]. Our findings have broader
implications. To name one, they demonstrate that signals
that are less coherent than dark matter—for instance, a
cosmic axion background [63]—are more detectable with
spin-precession instruments than may otherwise have been
concluded [64].
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