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Quantum error correction assisted axion search in CMOS spin qubit arrays
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Searches for axion and axionlike dark matter based on solid-state spin qubits are fundamentally limited by
strong longitudinal dephasing, which rapidly suppresses the sensitivity gains offered by entanglement. Here,
we show that quantum error correction (QEC) can substantially enhance axion search sensitivity in realistic
semiconductor spin qubit platforms by mitigating this dominant noise source. By integrating an optimally
chosen repetition code QEC with logical Green berger—Horne—Zeilinger block entanglement, we derive closed-
form expressions for the quantum Fisher information that explicitly incorporate the finite coherence time
of the axion field. Our analysis demonstrates that modest QEC cycle frequencies are sufficient to significantly
reduce the effective dephasing rate, thereby restoring a broad parameter regime in which entanglement-
enhanced sensing surpasses the standard quantum limit. Projecting these results onto complementary
metal-oxide semiconductor-compatible device parameters, we find that QEC-protected entangled sensing
can revive otherwise inaccessible quantum advantages, yielding up to order-of-magnitude improvements in
sensitivity to the axion-electron coupling g,.. These results establish a practical and theoretically controlled

pathway for using QEC to improve qubit array searches for physics beyond the standard model.
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I. INTRODUCTION

The microscopic nature of dark matter (DM) remains a
central topic in astrophysics [1-5]. One of the most studied
candidates is the QCD axion, which was introduced to
solve the strong CP problem of quantum chromodynamics
[6-11]. In this picture the CP-violating vacuum angle @ is
promoted to a dynamical field a(x) associated with a
spontaneously broken Peccei-Quinn symmetry [12,13].
Nonperturbative QCD effects generate a periodic potential
that drives the axion field to a CP-conserving minimum
and explains the smallness of the neutron electric dipole
moment [3,14]. If the axion is produced by the vacuum
misalignment mechanism, its coherent oscillations behave
today as cold DM [15,16]. In the galactic halo the axion
is well described as a classical, spatially coherent field
with very large occupation number, with a central oscil-
lation frequency set by the axion mass m, and a coherence
time of order (m,v*)~!, where v~ 1073¢ is the virial
velocity [17-20].
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Besides its coupling to photons, the axion can couple to
electrons. At low energies this interaction appears as a
derivative coupling to the axial current [21,22]. In the
nonrelativistic limit relevant for galactic DM, the spatial
gradient of the axion field acts as an effective oscillating
pseudomagnetic field that couples to the electron spin
[23,24]. This axion wind can drive spin precession at a
frequency set by m,, typically in the radio or microwave
range in QCD axion models [25,26]. Detecting this effect
requires phase coherent control and readout over times that
are long compared to typical solid-state coherence times
but still shorter than the axion coherence time [27-29].

Several existing and proposed experiments probe axion-
spin couplings with macroscopic spin systems, but the
relevant signal and noise mechanisms differ between plat-
forms. Nuclear-spin Nuclear magnetic resonance (NMR)
searches, including CASPEr and related liquid- and solid-
state implementations, measure the precession of a polar-
ized spin ensemble driven by the axion-induced effective
field [30-32]. In such NMR-like experiments, the usable
signal is set by the available spin polarization or sample
magnetization, while transverse coherence, inhomo-
geneous broadening, spin-projection noise, and readout
noise determine the product-state standard quantum limit
(SQL) benchmark [33-35].

Ferromagnetic haloscopes constitute a distinct class
[36-38]. Rather than measuring the precession of an
ensemble of independent spins, these experiments search
for the resonant excitation of a collective magnetic mode,
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such as the uniform Kittel magnon mode, driven by the
axion-induced effective field [39,40]. The magnon signal is
transduced through a microwave cavity or photon-magnon
hybrid system and measured with near quantum-limited
microwave or heterodyne readout [41,42]. The relevant
quantum noise is, therefore, associated with phase-insen-
sitive resonant detection and the vacuum or residual
thermal occupation of the magnon-photon modes, not with
the thermal magnetization and spin-projection SQL of
uncorrelated spins [43,44]. In the remainder of this work,
the term SQL refers to the product-state benchmark for the
semiconductor spin qubit array considered here, using the
same number of physical spins as the quantum error
correction (QEC)-protected entangled protocol.

Recent progress in quantum information science suggests a
different approach, in which engineered qubits or solid-state
quantum devices are used directly as DM sensors [45-52].
Gate-defined semiconductor spin qubits are a natural candi-
date for this role [53-55]. Isotopically enriched Si/SiGe and
related heterostructure support long coherence times and
high-fidelity one- and two-qubit gates [56—58]. The devices
are compatible with complementary metal-oxide semicon-
ductor (CMOS) technology and can be arranged in dense
arrays [59-62]. In systems with strong spin-orbit coupling,
the effective g-factor can be tuned electrically, which allows
rapid, on-chip tuning of the qubit resonance frequency to
follow an unknown axion mass [63—65]. In current semi-
conductor devices, where noise is dominated by local
fluctuations in the longitudinal magnetic field, large Green-
berger—Horne—Zeilinger (GHZ) states quickly lose coherence
and do not outperform an SQL-limited protocol [66—68].

QEC offers a way to protect entangled states from noise,
but its use in sensing is subtle [69—72]. Semiconductor spin
qubits coupled to an axionlike field provide a concrete
example of this situation, where we search for the in-plane
qubit spin polarizations, while the noise is mainly longi-
tudinal [73,74]. The repetition code suppresses stochastic
local phase errors when those errors are syndrome-visible,
while the QEC-enhanced sensing channel is formulated as
a transverse or dressed-frame code-preserving logical
generator. The de Broglie wavelength of the nonrelativistic
axion field is of order 10>~10° m for typical parameters, so
it acts as a nearly uniform drive across a nanometer-scale
qubit array, while charge noise, phonons, and residual
hyperfine interactions are local and only weakly correlated
between distinct qubits [19,75,76].

In this work we consider a simple and device-compatible
protocol, as indicated in Fig. 1, based on a repetition code
that corrects local phase-flip (Z) errors but leaves a global
transverse o, signal unaffected. We encode each logical
qubit in n,;, physical spins and form logical GHZ states of
size k; from these logical qubits. The total number of
physical spins in a sensing block is then Nypyg = npepky .
During the axion-sensitive free-evolution period, repeated
QEC cycles suppress the effect of uncorrelated dephasing,

which is described by a physical rate y,,., and replace it
with an effective logical dephasing rate y.g;(,p). This rate
reflects both the binomial suppression of physical phase
flips by the code and additional errors from imperfect gates
and measurements. Correlated noise enters as a separate
rate y,, that is common to all qubits and is not corrected by
the repetition code. We also include the finite coherence
time of the axion field, so that the interrogation time in each
sensing segment is set by the minimum of the hardware
limit and 7,(m,).

Within this framework we derive closed expressions for
the quantum Fisher information of QEC-protected GHZ
blocks and for the corresponding gain over an SQL-limited
protocol with the same number of physical spins. The
resulting formulas show explicitly how the sensitivity
depends on Ny, 0N 7o and yegr(yep), and on the axion
limited interrogation time. For each axion mass we identify
an optimal logical GHZ size kj (m,,) that balances signal
amplification against dephasing of the entangled state.
Using representative parameters for CMOS-compatible
semiconductor spin qubits, we find that modest QEC cycle
frequencies, which reduce the effective uncorrelated
dephasing rate by about 1 order of magnitude, are enough
to restore a regime where multiqubit entanglement
improves sensitivity beyond the SQL. In this regime the
protocol achieves an approximately constant improvement
factor in the projected sensitivity to the axion-electron
coupling g,, across a broad mass range, while using the
same physical hardware as a conventional sensor.

Although we focus on gate-defined semiconductor spin
qubits, the basic idea is more general. Any qubit platform in
which a code-preserving collective signal can be distin-
guished from syndrome-visible local dephasing noise can
implement a similar selective QEC strategy. Our results,
therefore, suggest a practical way to integrate quantum
error correction into qubit-based searches for axion DM
and other forms of physics beyond the standard model.

II. MODEL AND METHODOLOGY

We start our exploration of the axion-electron coupling
with the Lagrangian density that describes the interaction
between axions and electrons. Through our analysis, we
adopt the natural units 2 = ¢ =1 for simplicity, and the
Minkowski metric with the signature (4,—,—,—). The
axion field is represented by the pseudoscalar field a(x),
while the electron field is denoted by the Dirac spinor field
y(x). The interaction Lagrangian density for the axion-
electron coupling can be expressed as

C, _ s
Ly = 27, o, auy' Yy, (1)
where C, is a dimensionless coupling constant that char-
acterizes the strength of the interaction, and f,, is the axion

decay constant with dimensions of energy. The conjugation
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of the Dirac spinor field is given by & = yw'y°, and y* are
the gamma matrices satisfying the Clifford algebra,
{r'.y*} =2¢g", with y> =iy’y'y?y>. For simplicity, we
define the coupling constant g,, = C,/(2f,), which has
dimensions of inverse energy. A dimensionless quantity can
be defined as §,, = 2g,.m,, where m, is the electron mass,
to facilitate comparisons with experimental constraints.

We focus on the mass range of the axion that is mostly
relevant for cold light DM candidates, typically in the range
of 107 eV to 1073 eV [22]. In this mass range, the axion
field can be treated as a classical field oscillating at a
frequency determined by its mass. The axion field satisfies
the Klein-Gordon equation, and for a nonrelativistic axion
field, we can express it as

a(t,x) = aycos(w,t —k, - x + @), (2)

where a is the amplitude of the axion field, @, is the axion
angular frequency, k, is the axion wave vector, and ¢ is a
random phase. The velocity of the axion DM in the galactic
halo is typically v, ~ 1073, leading to a small momentum
k, = m,v,. The axion angular frequency is related to its
mass m, by

wa:ma—i—z—azma. (3)

Assuming the axion constitutes the entirety of the local DM
density ppy ~ 0.3-0.45 GeV/cm?, the amplitude a, can be
related to ppy by

1 2p
2 2 DM
PDM = =Myay = ag = . (4)
2 470 m2

Axion frequency broadening from the axion DM veloc-
ity distribution is also important for experimental searches
in qubit architectures, whose dephasing times can range
from nanoseconds to milliseconds [77,78]. The velocity
distribution of the axion DM in the galactic halo can be
approximated by a Maxwell-Boltzmann distribution with a
characteristic velocity vy ~ 220 km/s [79]. The frequency
broadening Aw, follows Aw,/w, ~ v} ~ 107°, leading to
the following coherence parameters for the axion field:

1 1

Ta™~ "7, fa ’ (5)
m,vi

where 7, is the axion coherence time and 7, is the axion
coherence length. For an axion mass of m, ~ 107® eV, the
coherence time is 7, ~ 1 ms, and the coherence length is
Z,~300 m. As an estimation, if the qubit working time
(dephasing time) 75 is much shorter than the axion
coherence time 7,, the axion field can be treated as a
coherent monochromatic oscillation during the qubit

operation. Meanwhile, since the qubit array size is much
smaller than the axion coherence length 7,, the spatial
variation of the axion field across the qubit array can be
neglected.

For a broader axion mass range, where the axion
coherence time is comparable to the qubit dephasing time,
the sensing strategy needs to be adjusted accordingly to
account for the partial coherence of the axion field during
the qubit operation, which is further discussed in the
following sections.

Next, we need to consider the low-energy effective
Hamiltonian describing the electron and axion system, in
preparation for the analysis of the axion signals. Once we
have solved for the axion field a(z,x), we can perform a
variation with respect to w of the Lagrangian density

£e + ‘Caev

W (iy"0, — m )y + gue(0,a) 07"V w. (6)

Then, we can derive the following Hamiltonian:
H=a-p+pm, - g,(0,a)7°r"y, (7)

where o = y%, and § = y°. Consider the four-component
nature of the Dirac spin field y = [, ¢,|7, and we can
separate the nonrelativistic component ¢ and small part ¢,.
A Schrieffer-Wolff transformation to the total Hamiltonian
H will lead to the low-energy nonrelativistic Hamiltonian,

P’ Yae Jae(9,a)
2m, m, 2m,

-g.Va-o. (8)

The first term is the kinetic energy term of the electron, the
second term is the spin-momentum coupling, the third term
is a spin irrelevant diagonal energy shift, and the last term is
the spin-axion gradient coupling. A simple comparison
between the second and the fourth terms will yield a ratio
Ip|/(m,v). In our case of a localized electron in a quantum
dot, the magnitude of the momentum will be small,
indicating that the spin-gradient term will dominate.
Therefore, we obtain the working Hamiltonian for search-
ing for the light cold dark axion in the spin qubit platform,

2

Heff = ﬁ_gaeva ‘0, (9)

e
where the second term is referred to as the axion wind term.
This Hamiltonian spans the major components of searching
the axion signals using the semiconductor quantum dot

qubit platform, with possible extensions to the electron spin
qubit, hole spin qubit, and the nuclear spin qubit.

A. Axion-electron spin qubit Hamiltonian

We consider an electron spin qubit confined in a semi-
conductor heterostructure or CMOS device, where the
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orbital degree of freedom is frozen into an s-like ground
state defined by the gate potential. An external static
magnetic field ByZ sets the quantization axis, giving the
Zeeman Hamiltonian Hy = wqo,/2 with @y = g,upBy,
where g, = 2.

Now we can evaluate the gradient of the axion field, from
which the amplitude and the direction of the axion wind fi
can be extracted as

N Va
\Va| = m,vay = vv/2ppm, n= W. (10)

We can define the relative angle between the axion wind
and the qubit quantization axis as cos @ = 1 - Z. We keep
the orientation of the axion wind relative to the qubit
quantization axis explicit. Writing

N = cos 67 + sinf(cos g, X +sing | §), (11)

the axion-induced spin Hamiltonian can be decomposed as

= ——>—[cosbo, + sinf(cos @, 0, +sing, o,)],

(12)

with

Qa(t) = _2gaey V 2pDM COS(O)at + ¢) (13)

The longitudinal component proportional to ¢, produces
the phase-modulation sideband response analyzed in
Refs. [80,81]. For the sideband formulas immediately
below we set |cos@| =1 for compactness—a general
orientation only multiplies the longitudinal susceptibility
by |cosf|. The QEC-protected analysis introduced later
instead uses the transverse component, or an equivalent
dressed-frame implementation, because that channel can be
made compatible with the phase-flip repetition code.

For simplicity, we consider the case where we orient the
external magnetic field B perpendicular to the axion wind
direction 1, therefore, the total Hamiltonian will read

w
Htotal = 7051 ~ Y9aeVV 2pDM cos(a)al + ¢)0xv (14)

where we have absorbed the phase shift and ¢ into the new
phase factor ¢. From this Hamiltonian, we can define the
effective magnetic field induced by the axion oscillations,

2
Jae v/ 2ppm cos(w,t + P)X. (15)

eMB

B = —

A typical estimation of the magnitude of this effective
magnetic field is

_ GeV ,ODMCI'H3 v
4 x 102 1 Jae . (16
x ( 1011 >< 04 Gev | \103): (10

This extremely small effective magnetic field motivates the
use of quantum-enhanced sensing techniques to improve
the sensitivity of axion searches. Most state-of-the-art
search platforms rely on the following advantages, includ-
ing large number of spins, long coherence time, and low-
noise readout techniques, where quantum error correction
can, in principle, extend coherence.

The transition from the astroparticle axion signal to the
qubit response starts from this time-varying effective
magnetic field. The searching strategy we consider centers
around the phase variation of the spin polarization. The spin
populations will not change due to the commutation of o,
with the total Hamiltonian, therefore, we need to initialize
the qubit in the transverse plane, e.g., the o, eigenstate
ly;t=0) = (]1) +|{))/v2. Under the influence of the
axion effective magnetic field, the qubit state will pick up a
total time-dependent phase,

ba(t) = wot = fsin(@1), (17)

where we have selected the initial phase ¢ =0 for
simplicity, and the modulation index f is defined as

= Zgaev Vv 2pDM

m

p (18)
This is a standard frequency modulation form, with the
carrier frequency @, and modulation frequency w,. If
we evaluate the o, expectation value, we will obtain
(0(1)) = cos(wyt — psin(w,t)). Using the Jacobi-Anger
expansion, we can rewrite this expectation value as

[Se]

(or(1) = D Tu(B) cos(wg = nw, )il (19)

n—=—00

This expression shows that the axion-electron coupling
induces sidebands at frequencies wy & nw, with ampli-
tudes determined by the Bessel functions J,,(f), as shown
in Ref. [80].

Now, we need to integrate this phase accumulation with
the experimental considerations. At the device level, the
qubit dephasing time 775 should be considered, which limits
the maximum free evolution time. This is due to the
environmental noise, including charge noise, nuclear hyper-
fine interactions in the semiconductor host materials, which
can be refocused using dynamical decoupling and spin echo
techniques. In our analysis, these effects are captured
phenomenologically by a 1/f spectrum with power spectral
density S(w) « 1/w® where a ~0.7-1 for semiconductor
spin qubits, and the device dephasing time 77 is selected
from Ref. [82].

Assuming the whole experiment runs for a total time 7,
we can divide the total time into N, segments, each with a
free evolution time of T,, which is limited by both the
hardware and the axion coherence time 7,

Tseg(ma) = min{Tﬁ? Ta (ma)}' (20)
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The number of segments is then Ny = T/ Teq (1), and
each segment produces an independent measurement of the
axion-induced phase accumulation, known as the semi-
coherent search. To connect with standard magnetometer
benchmarks, we note that for a single-qubit magnetometer
operating at the standard quantum limit, the signal-to-noise
ratio (SNR) for detecting a static effective field B after a
total integration time ¢ is given by

Bnlueg | 1 _Barvt o))

B/ Tseg Tseg B ,

where 7, is the field sensitivity in units of T/v/Hz. It
includes the conversion of a magnetic perturbation into a
spin phase, spin-to-charge readout, resonator or amplifier
noise, and the averaging protocol. Equivalently, a field B
gives an SQL signal-to-noise ratio B.y+\/t/np after total
integration time t. Changing 7y rescales the absolute
projected coupling sensitivity, but it does not change the
dimensionless QEC gain obtained from the Fisher infor-
mation ratio below. The representative value used in Table I
should, therefore, be interpreted as a hardware-level bench-
mark for semiconductor spin qubit magnetometry [80,81].

SNRSQL(I) =

TABLE 1. Device parameters and operating conditions used
for the representative semiconductor electron spin qubit sensor.
The uncorrelated dephasing envelope is modeled as Cy,.(7) =
exp[—1/Tom — (1/T21/7)"]. The millisecond-scale Markovian/
Hahn-echo component 7,) =2 ms is motivated by recent
silicon spin qubit experiments with millisecond-scale coherence
times [62]. The low-frequency component and stretch exponent
are consistent with charge noise-limited semiconductor spin
qubit coherence [68,82]. The correlated dephasing time is the
common-mode noise scale in isotopically enriched silicon
[56,83]. The control, cycle time, and readout parameters are
chosen to be compatible with recent high-fidelity exchange-based
gates and fast Pauli spin blockade (PSB) or charge-sensor readout
in silicon multidot devices [60,62]. The magnetic sensitivity is an
effective Ramsey magnetometry benchmark, estimated from the
standard spin magnetometry scaling and including finite contrast,
spin-to-charge conversion, readout infidelity, and dead time [84].

Parameter Value
Magnetic sensitivity 7z 100 nT/+/Hz
Uncorrelated dephasing (Markov) T, v 2 ms
Uncorrelated dephasing (1/f-like) T,/ 200 ps
Stretch exponent (1/f-like) 2
Correlated dephasing time T .o 10 ms
QEC cycle time 7y 2 ps
Physical Z-error probability per cycle p, [1 = Cioe(7eye)]/2
Gate error (future) p,, 1074(1079)
Measurement error (future) p,, 1074(1073)
Logical dephasing rate y.g 21 (Mrep) / Teye
Segment duration 7', 100 ps
Total physical qubits Nppys Trepk,

B. Dephasing channels

Now we focus on the dephasing channels that affect the
qubit coherence during the free evolution time, in prepa-
ration for the discussion of the quantum error correction
protocol. In semiconductor quantum dot devices, noise is
represented as a diagonal energy drift term dwy (), which
leads to the single total Hamiltonian,

o, Q) o)
2 ¢ 2 2 ¢

where Q, (1) = —=2g,.vv/2ppm cos(w,t + ¢), and Swy(1)
is the longitudinal noise term (Z error), which leads to an
effective dephasing envelope characterized by a timescale
T; determined by the statistics of dwy (7).

The microscopic evaluation of this noise term must
consider the device details [85], while we focus on a
phenomenological description here,

(22)

5a)N(t) = 5wcor(t) + 5wloc(t)’ (23)

where Sw.,, (7) is the correlated noise term that affects all
qubits in the same way, such as due to the Overhauser field,
while Sw; (1) is the local noise term that affects each qubit
independently, such as random telegraph noise [86—88].
For an arbitrary noise realization, the spin polarization will
pick up a dephasing envelope,

(oo (0) = (e Jo By cos(at = Bsin(wyr)).  (24)

Assuming the noise follows the Markovian approximation,
the envelope factor can be expressed as C(7) = e/, where
y is the dephasing rate [72]. This form corresponds to the
short correlation time limit of more general dephasing
processes.

During a sensing segment of duration 7', experimen-
tally relevant low-frequency noise can be captured by a
stretched exponential envelope Cy.(f) = exp[—1/Trnm —
(t/T1/7)P], which reduces to the Markovian form in the
limit 75 — oo for the 1/f noise.

We emphasize that the repetition code suppresses sto-
chastic local phase errors only when they are syndrome-
visible. The longitudinal Hamiltonian above is used to
define the unencoded sideband response and the physical
dephasing envelope. In the encoded analysis below, the
same local longitudinal device noise remains the syndrome-
visible Z; channel, while the coherent axion response is
assumed to be implemented as a transverse or dressed-
frame code-preserving logical generator, as made explicit
in Egs. (25) and (26). Although the correlated noise y,
needs further treatment, like decoherence-free subspace, it
is typically much smaller than the local noise in semi-
conductor spin qubit devices thanks to isotopic enrichment,
and the contact hyperfine interaction is even absent for hole
spin qubits [83].
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For a concrete numerical analysis, we summarize the
typical device parameters and operating conditions for
Si/SiGe CMOS devices in Table I. Throughout this work
we assume that the QEC cycle time 7.y, is short compared
to the characteristic correlation time of the dominant low-
frequency noise, so that its effect can be coarse-grained into
an effective per-cycle phase-flip probability.

C. QEC with repetition code

The faint frequency modulation signal is easily washed
out by noise in the standard quantum limit, where a longer
free evolution time can also accumulate phase errors
due to noise, and the signal-to-noise ratio only scales with
VNots» Where Ny 1s the number of independent
measurements. The qubit array can be entangled into a
GHZ state to enhance the signal accumulation, in the ideal
decoherence-free limit, where the SNR scales with N,
the total number of physical qubits, and one must take
quantum error correction into account to maintain the
coherence of the entangled state. In this subsection, starting
from the device-level dephasing channels, we will first
evaluate the logical error probability and corresponding
dephasing rate. This allows us to estimate how the GHZ
coherence time is extended using quantum error correction,
in preparation for the discussion of the Fisher information
and axion coupling sensitivity in the following sections.

The QEC model below should be understood as a signal-
preserving transverse or dressed-frame implementation. A
phase-flip repetition code corrects local Z; errors because
these errors are syndrome-visible, but it does not preserve
an arbitrary longitudinal signal. For one repetition block,

C = span{|+)®a, [)®}, S, = XX;p. (25
If P is the code-space projector, the relevant signal
projections are

nrep nrep
P(ZIX])P = NyepZ, P(Zl zj>P =0. (26)
J= J=

Thus, the encoded Fisher information analysis applies to a
collective transverse or pulse-level dressed-frame axion
response, while the bare longitudinal sideband channel
remains the unencoded baseline response.

We characterize the time cycle of an error correction
round with 7., which is taken to be 2 ps in our analysis,
including the syndrome measurement and recovery oper-
ations. The probability of a physical Z error occurring
during each QEC cycle is given by

1

Pz = B [1 - Cloc(Tcyc)}v (27)

which reduces to p; = yjocTcye/2 in the short cycle limit.
The number of physical qubits in each repetition code is

denoted as n,,, and the total number of physical qubits in
the sensing block is Ny = neepky, Where k; is the number
of logical qubits entangled into a GHZ state. The optimal
phase-flip error correction will correct up to ¢ = [(fe, —
1)/2| physical Z errors, where the | f| defines the largest
integer function of f.

To incorporate as much noise as possible, we also
include the gate error p, and measurement error p,, during
each QEC cycle. Up to the first order, the total logical Z
phase error probability p; (n,,) can be expressed as

Nyep n
Z < v > PE(1 = py)ek + NepPm + NrepPyg- (28)
i\ k

We expect that the logical error probability p; (r,,) can be
significantly suppressed compared to the physical error
probability p, with an optimal choice of n,,. We notice
that increasing n,., will also introduce complication of the
QEC circuit and physics device overhead, and may also
lead to higher correlated noise.

Now, we can extract the effective logical dephasing rate

2pr(n
() = == 10 (1 = 2py ()~ L8] (30)
Teye Teye
which will replace the physical local dephasing rate y;,.
during the free evolution time. For a logical GHZ state of
k; qubits, the envelope decay factor during a sensing
segment of duration T, reads

CGHZ(ma) = exp [_(YCor + }’eff)kL Tseg(ma)]' (30)

Here, y is the single-spin susceptibility of the signal
channel being compared. In the QEC protocol it denotes
the transverse or dressed-frame code-preserving axion
response, while in the unencoded sideband benchmark it
denotes the longitudinal response. Since both Fgyy; and
Fgqr are proportional to 27, the gain ? is independent of
this normalization. Performing the linear response of the
axion coupling g,., we can define the susceptibility y =
0p,/0G4. at g, =0, which will lead to the following
quantum Fisher information for the logical GHZ state:

-7:GHZ = nrzepk%,)(2 CXp(—Z(}/eff + ycor)kLTseg)' (31)

For comparison, the SQL-limited Fisher information with
the same number of physical qubits Ny = npk; reads

fSQL = nrepkL)(Z [Cloc(Tseg)e_ycorTseg]z' (32)

From these two expressions, we define the Fisher infor-
mation gain over the SQL benchmark, #7* = Fguz/FsqL, as
e_z(}'ci\f‘f’ycm)kl"rscg

C120C (Tseg ) e_zycor Tseg :

772 = nrepkL (33)
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In the Markovian limit, Cio(Tsee) = €77, we have

;72 frd nrepkLe_z[(Ycl'l'J"}'cor)kL_(7loc+ycor)]Tscg_ (34)

This gain factor 4> quantifies the improvement in sensitivity
achieved by using QEC-protected GHZ states compared to
the SQL limit with the same number of physical qubits.
Maximal gain can be achieved by optimizing the logical
GHZ size k; for each axion mass m,,, balancing the signal
amplification against the dephasing of the entangled state,

1
ki =—————. 35
k 2(7eff + Vcor)Tseg ( )

This closed-form optimum is obtained in the Markovian
limit and serves as a useful guideline. Under non-
Markovian dephasing, the optimal block size is evaluated
numerically using the same envelope formalism. At this
optimal point, the maximum Fisher information gain over
the SQL limit is

”Iznax _ "reka exp[z(yloc : Vcor)Tseg] . (36)

Guided by this optimal choice of kj, we can evaluate the
projected sensitivity to the axion-electron coupling g,
using QEC-protected GHZ states in the following sections,

ngg(ma) = Tseg(ma) + t((izzad' (37)

For a fixed wall-clock integration time 7, protocol
a € {GHZ, SQL} can repeat only

Tt()t

(a)
Nch ma) ==
Tl(‘elg (ma)

(38)
times, with Tﬁgg from Eq. (37). The corresponding wall-

clock Fisher information is, therefore,

where F, denotes the segment-level quantity of Eqs. (31)
and (32). The wall-clock gain becomes

n\zvall(ma) = Rduly (ma)ngeg(ma)v (40)
with
(SQL)
Trep (ma)
Rduty (mu) = ~(GHZ), _ \° (41)
TEGP )(ma)

In the usual case Tﬁg,HZ) >T §§8L>, one has Ryyy < 1. The

plotted gain curves below focus on the matched-duty limit
Rguy = 1 in order to isolate the encoded noise advantage.

Any extra intersegment dead time of the encoded protocol
then simply rescales the wall-clock payoff by /R,y By
contrast, we do not introduce an additional intracycle duty
factor inside T,: if syndrome substeps interrupt signal
accumulation within a correction cycle, the relevant modi-
fication is a filter function problem rather than a constant
prefactor, and that physics is absorbed here into the signal-
preserving ansatz of Eq. (26). Equations (29)—(41) are the
core outputs of the manuscript: once yeff(nrep) and the
repetition period ratio are specified, they determine the
encoded advantage as a function of device noise, control
fidelity, axion coherence, and wall-clock overhead. In the
numerical curves below, however, k; is optimized over
positive integers using the full envelope of Eq. (30)—
Eq. (35) is used only as a diagnostic guide.

III. RESULTS

In this section we quantify the impact of QEC-protected
entangled sensing on the projected axion-electron coupling
sensitivity, focusing on representative parameters for
CMOS-compatible semiconductor spin qubits. Unless

stated otherwise, we take an uncorrelated dephasing time

Téloc) =2 ms, a correlated dephasing time Tgcor) = 10 ms,

and a hardware-limited interrogation time 73, = 100 ps.
The repetition distance n,, is varied explicitly when opti-
mizing the QEC-assisted protocol. For the representative
projected sensitivity curves below in Fig. 2, we use the
optimized high-fidelity block (n,,, k1) = (13,14), corre-
sponding to 77,,, =~ 11.1 in the matched-duty limit. The local
coherence and control/readout timescales are consistent with
recent silicon spin qubit devices demonstrating millisecond-
scale Hahn-echo coherence, high-fidelity exchange-based
gates, and fast PSB or charge-sensor readout [57,58,62,89].
The correlated dephasing time is treated as a phenomeno-
logical baseline parameter.

A. Regimes of QEC benefit and limitations

The analytic expressions derived in Sec. II allow us to
identify the parameter regions in which QEC-assisted
entangled sensing provides a meaningful advantage. For
unencoded GHZ states, the relevant quantity is the dephas-
ing accumulated per logical qubit, (¥ioc + Vcor)Tsee(74)-
Whenever (¥ioe + Ycor) Tseg(M4) 2 0.1, the optimal GHZ
size inferred from Eq. (35) is reduced to only a few logical
qubits, and the practical entanglement advantage over
SQL-limited sensing becomes strongly suppressed. When
the full dephasing envelope of Table I is used, including the
1/f-like local component, this regime is reached for
representative present-day semiconductor spin qubit param-
eters with millisecond-scale Hahn-echo coherence and
Tgeo ~ 100 ps [62,68].

Repetition code QEC modifies this condition by replac-
ing the single-qubit dephasing rate y,,. with the logical rate
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Yefr(yep) Obtained from Eq. (29). The optimal block size
becomes

. _ 1
kL (ma) B 2(7cor + 7eff<nrep))Tseg(ma) . (42>

Thus, QEC produces a genuine metrological advantage
whenever

(ycor + yeff(nrep))Tseg(ma) s 0057 (43>

which restores k; > 1 and enables multiqubit GHZ
enhancement. The effective logical dephasing rate
Yeft(rep) is set by a balance between the binomial sup-
pression of physical dephasing and the additional gate and
readout faults introduced by the code. As a result, the
attainable GHZ size is determined not by a single sup-
pression parameter but by the combined decay scale
(Yeor + Yefr)» Which fixes the optimal block length &j .

Correlated dephasing affects all protocols by increasing
the overall decay rate in Eq. (30), but it does not eliminate
the relative QEC advantage: both encoded and unencoded
coherence functions contain the same y.,, while QEC
selectively reduces the logical contribution associated with
uncorrelated noise. As a result, moderate levels of
common-mode noise primarily limit the absolute sensitivity
but do not suppress the metrological gain n(k; ).

FIG. 1. A schematic planar silicon quantum dot array. In this
specific design, we focus on a quantum dot array in the silicon
layer. By applying a gate electric field via gate P1, electrons
accumulate in silicon and are confined vertically against the
silicon oxide (indicated at the location of the two-dimensional
electron gas). The single quantum dot is formed using gates P2—
P5. The gates P2 and P4 provide confinement in the x-direction,
while gate P5 provides confinement in the y-direction. P3 is used
as the top gate of the quantum dot, accumulating a single electron
in the potential well beneath. Then, the quantum dot array repeats
the setup for P2—P4. In the upper half of the figure, we sketch the
planar qubit array, where each blue circle represents a physical
electron spin qubit, and vertical columns denote repetition code
blocks implementing a logical qubit.

Figure 3 summarizes the regimes of QEC-assisted
entanglement-enhanced sensing by displaying both the
optimal logical block size k; and the corresponding
maximal enhancement factor 7., across representative
device parameters. In the absence of QEC, the accessible
parameter space is confined mainly to the k; ~ 1 region,
indicating that entanglement provides little or no advan-
tage due to rapid single-qubit dephasing. Repetition code
QEC suppresses uncorrelated phase noise and shifts the
system into a broad intermediate band with kj ~ 5-15,
consistent with the numerical optimization results pre-
sented in Sec. III. Within this window, multiqubit GHZ
states yield a robust enhancement over the SQL bench-
mark. At larger values of y.;7,, the achievable block
size is limited by effective logical dephasing and, in this
regime, large values of 7, reflect the strong suppression
of the SQL reference rather than a high absolute
sensitivity.

B. Projected sensitivity improvement

To connect directly to existing proposals, we apply the
gain factor n(m,) to a baseline axion-electron coupling
sensitivity curve, gg?fsi)n(ma), obtained from an unencoded
spin-lock or frequency-modulated protocol with product-
state sensing. We denote by 7(m,) = fmax (7rep; m,) the
mass-dependent enhancement factor obtained by optimiz-
ing n(k;;m,) over the logical GHZ size k;, and the QEC-
enhanced sensitivity is simply

Optimum
. Mep kot
g -e= 3 31 80
<
c o= 5 25 92
©
o =e= 7 21 100
[
? -e= 9 18 105
T
€ ~e= 11 16 108
[5]
g ce- 13 14 114
[0
(%]

== Unencoded GHZ
Markers show integer optima.

25 50 75 100 125 150 175 200
Logical GHZ group size k;.

FIG. 2. Sensitivity improvement gain factor n(k;) for QEC-
protected GHZ blocks of logical size k, evaluated for future
possible semiconductor spin qubit dephasing parameters. Curves
correspond to repetition codes of distance n., = 3-13, with
peaks marked for the high-confidence distances n,,, = 9-13. The
maximal enhancement 7,,, grows monotonically with code
distance, while the optimal GHZ size k decreases, reflecting
suppression of uncorrelated dephasing by QEC. For comparison,
the unencoded GHZ (gray) achieves only a weak enhancement
and rapidly becomes worse than SQL for large k, whereas QEC
recovers a finite and robust entangled sensing window. Uncorre-
lated dephasing is modeled using a stretched exponential
envelope, with the Markovian limit recovered for 7 ;,; — oo.
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No GHZ advantage

GHZ regime 14

1.2

IOglO Nmax

-3 1.0

Effective encoded dephasing VeffTseg

Uncorrected local dephasing Xioc(Tseg)

FIG. 3. Regimes of QEC benefit for entanglement-based axion
sensing. The color scale shows the maximal sensitivity enhance-
ment factor #7,,, on a logarithmic scale as a function of the
uncorrected single-qubit dephasing 7.7, and the effective
logical dephasing y.7ss. White solid contours indicate the
optimal logical GHZ size k;, while the dashed contour marks
Nmax = 1. The plot delineates distinct parameter regions corre-
sponding to different balances between signal amplification and
dephasing in QEC-protected entangled sensing.

(QEC) g(base) (my)
gae v u — ae,min a 44
() = e S (44)

This prescription is independent of the microscopic details
of the baseline scheme and can be applied to any semi-
conductor spin qubit axion search whose Fisher informa-
tion can be cast in the form of Eq. (32).

Figure 4 summarizes how the balance between logical
dephasing and metrological gain evolves with increasing
repetition distance under realistic and improved control
fidelities. The baseline device parameters already place the
system in a regime where uncorrelated phase noise can be
strongly suppressed, but where the residual logical errors
are governed primarily by measurement imperfections.
Consequently, enlarging the code yields only a modest
increase in the usable GHZ block size and quickly enters a
regime of diminishing returns. Improved control fidelity
shifts these trends quantitatively but does not alter the
underlying structure of the trade-off, indicating that meas-
urement fidelity defines the operational boundary for QEC-
enhanced GHZ sensing and that moderate repetition dis-
tances are sufficient to achieve near-optimal performance.

The trends in Fig. 4 also indicate that repetition code
protection can suppress the intrinsic uncorrelated dephas-
ing below the level set by control and readout faults.
Once this regime is reached, increasing the repetition
distance yields diminishing returns because additional
physical qubits introduce extra syndrome extraction errors.
Correlated quasiglobal noise then provides a separate lower
bound that cannot be removed by the repetition code and
would require a different mitigation strategy, such as
differential sensing or decoherence-free subspaces.

@ VeitTseg (Veff + Yeorr) Tseg = Nmax
Pg=Pm= 1074 Pg=Pm= 1075
03 ] _~ 0.04 4
2 et 0.03 ]
202 i ]
s = 002 4
8 ‘”/' E r
01 1.2 0.01 1
540 J neh=3 1
s 10 1
-é% 3.9 7 ]
T T T T T T T 8 -
3 5 7 9 1M 13 15 3 5 7 9 1 13 15

Repetition distance nrep Repetition distance nrep

FIG. 4. Comparison of the logical dephasing and achievable
metrological gain for realistic and optimistic control fidelities.
Left: p, = pn, = 10~* (future possible error parameters of
Table I). The logical dephasing y.7 s, is minimized at a small
repetition distance nﬁgg‘ ~ 3, while the metrological gain 7,y
saturates at ~5 for ngp 2 10 due to the measurement-induced
logical error floor. Right: p, = p,, = 1073, representing a next-
generation regime. Both y.; T, and 7y, improve, with 77,
reaching above 10, but the qualitative tradeoff and the location of
the coherence—optimal code distance remain unchanged.

Two-dimensional stabilizer codes, including the surface
code, can in principle achieve far lower logical error rates.
However, their application to sensing is constrained by
architectural overhead: a large fraction of physical qubits
serve as ancilla for stabilizer extraction and do not preserve
the signal-bearing phase, reducing the number of qubits
that contribute coherently to the GHZ state under a fixed
hardware budget. Furthermore, once the logical dephasing
is limited by the correlated noise floor rather than by
physical Z errors, improvements to the logical error rate
translate only into constant-factor changes in the Fisher
information. In contrast, the repetition code approach
preserves nearly all physical spins as active sensors while
selectively mitigating the dominant noise channel, making
it a resource-efficient choice for dephasing-limited semi-
conductor platforms.

To determine the impact on a full-scale axion sensor, we
tile the optimized logical GHZ blocks to construct an N-
qubit device and evaluate the resulting minimum detectable
coupling gpin(N). The resulting scaling is shown in Fig. 5.
Both the SQL benchmark and the QEC-enhanced archi-
tecture retain the standard N~'/2 dependence after block
size optimization.

The intuitive reason is that QEC restores a finite optimal
entangled block size, rather than making the entire device
behave as one decoherence-free N-qubit GHZ state. For
fixed device parameters, the optimal logical GHZ size kj
and the repetition code distance are set by the balance
between coherent signal amplification, logical dephasing,
residual correlated dephasing, and QEC-induced control
faults. Increasing the total number of physical qubits,
therefore, increases the number of independent optimized
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FIG.5. Scaling of the projected axion-coupling sensitivity with

the total number of signal-bearing physical qubits N. The SQL
benchmark follows the expected N~'/2 behavior. The encoded
curve uses complete QEC-protected logical GHZ blocks with
(Myep- k) = (13, 14), so the first complete encoded block appears
at Nyjocx = Nyepky = 182. For N < Ny, the encoded architec-
ture has no complete block and, therefore, coincides with the
SQL baseline. For larger N, complete encoded blocks are
instantiated discretely, while leftover physical qubits are treated
as SQL resources, producing the visible staircase. At large N, the
encoded sensitivity approaches the SQL scaling with a constant
downward shift corresponding to 77,.e = 11.1 in the matched-duty
limit R4,y = 1. The ideal 1/N curve is shown only as a
decoherence-free Heisenberg reference. Thus, QEC restores a
finite entanglement advantage under realistic dephasing, but does
not change the asymptotic qubit number exponent.

blocks, rather than the size of a single coherent block.
Equivalently, if Nyjocx = nrepk], denotes the physical qubit
cost of one optimized encoded block, the large-N Fisher
information scales schematically as

N
Fioi(N) = {mJ Fylock + F5QLs (45)
OC]

where Fgg denotes the contribution from any leftover

qubits not forming a complete encoded block. Since Ny;qcx
and Fy.q are fixed once the code and device parameters
are optimized, F,; « N and, therefore,

Imin(N) & Figt/> o N7V/2, (46)

An intermediate scaling between N~'/2 and N~! would
require the optimal coherent block size itself to grow with
N, which is prevented here by residual correlated dephasing
and QEC-induced control overhead.

The ideal 1/N curve in Fig. 5 is, therefore, shown only as
a decoherence-free Heisenberg reference. Under realistic
device noise, the QEC-enhanced protocol provides a
constant-factor downward shift relative to the SQL bench-
mark, not true Heisenberg scaling with qubit number.

GHz

-~ 3-axis baseline (best)
— QFC Enhanced
—— Ideal GHZ Limit

Search region (QEC above)

T T T T T T T
e e e A0 =l o A
A A0 A0 A W0 W N

Mg (eV)

FIG. 6. Comparison of the SQL baseline axion-electron sensi-
tivity g (m,) with the QEC-enhanced sensitivity g (m,),
evaluated using the mass-dependent enhancement factor
n(m,) ~11.1. For T, limited by hardware, the improvement
of n(m,) matches Fig. 2, while at higher masses the reduced
coherence time increases 7(m,), widening the QEC advantage.
The SQL and ideal GHZ sensitivity baseline followed the results
in Refs. [80,81].

(base)
ae,min

Figure 6 compares the baseline sensitivity g (m,) to

the QEC-enhanced sensitivity 9282?121 (m,) for the parameter

set above. In the mass range where T',(m,) is hardware-
limited, the projected sensitivity curve is shifted downward
by an approximately constant factor, corresponding to
n=~10. This represents nearly an order of magnitude
improvement in g,, sensitivity in the optimized high-
fidelity regime, assuming identical physical hardware
resources. At higher masses, where 7(m,) increases due
to coherence time-limited segmentation, the QEC-
enhanced curve departs more strongly from the baseline
and demonstrates that selective dephasing suppression can
become even more valuable when the axion bandwidth
is large.

IV. CONCLUSIONS

We have shown that quantum error correction can
substantially enhance axion search sensitivity in semi-
conductor spin qubit platforms by mitigating the dominant
longitudinal dephasing that otherwise suppresses entangle-
ment-enhanced sensing. By integrating repetition code
protection with logical GHZ block entanglement, this
approach suppresses the leading noise channel under the
assumption that the coherent axion response is mapped to a
code-preserving logical generator, yielding a hardware-
efficient enhancement of the quantum Fisher information.
Under realistic semiconductor device parameters, modest
code distances are sufficient to recover most of the achiev-
able metrological gain. More general two-dimensional
codes can in principle achieve lower logical error rates,
but at the cost of substantial overhead that is inefficient for
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sensing applications. In dephasing-dominated, fixed-
resource spin qubit architectures, repetition codes, there-
fore, provide an effectively optimal balance between noise
suppression and signal accumulation [90-92]. The frame-
work developed here establishes a practical and broadly
applicable pathway for incorporating quantum error cor-
rection into solid-state axion searches, and more generally

into precision measurements based on semiconductor qubit
platforms.

DATA AVAILABILITY

The data are available from the authors upon reasonable
request.
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