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Recent studies have proposed using a geocentric muon spin force to account for the (g — 2) ,, anomaly,
with the long-range force mediator being a light axionlike particle. The mediator exhibits a CP-violating
scalar coupling to nucleons and a normal derivative coupling to muons. Due to the weak symmetry, this
axion inevitably couples to neutrinos, providing potential impact on neutrino oscillations. By utilizing
neutrino data from BOREXINO, IceCube DeepCore, Super-Kamiokande, and SNO, we have identified
that both atmospheric and solar neutrino data can impose stringent constraints on the long-range muon
spin force model and the (g—2) , parameter space. With optimized data analysis techniques and the
potential from future experiments, such as JUNO, Hyper-Kamiokande, SNO+, and IceCube PINGU,
there exists a promising opportunity to achieve even greater sensitivities. Indeed, neutrino oscillations
offer a robust and distinctive cross-check for the model, offering stringent constraints on the (g —2),

parameter space.

DOI: 10.1103/PhysRevD.110.035037

I. INTRODUCTION

The Standard Model (SM) of particle physics has with-
stood numerous experimental tests and proven remarkably
successful in describing the fundamental particles and
forces of the Universe. However, there are intriguing ano-
malies that challenge its comprehensiveness. One anomaly
is the anomalous magnetic dipole moment of the muon,
(9—2),, which serves as a stringent test for the SM
and potential physics beyond it. Recent measurements of
(9—2) ., have revealed a significant discrepancy between
the predicted and experimentally measured values [1-6],
though some uncertainties still persist in the theoretical
calculations [7-12].

Recently, it has been proposed that a muon spin force,
mediated by a light force carrier, could modify the muon
spin precession. This force could originate from either
dark matter [13] or ordinary matter like the Earth [14,15].
The latter scenario bears similarities to an axion like
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particle (ALP) with small CP-violating scalar coup-
lings [16]. The scenario requires the axion to couple to
the axial-vector (AV) muon bilinear and simultaneously to
the nucleon mass term, thereby violating CP symmetry.
If the ALP mass is smaller than the inverse of the Earth’s
radius, the Earth could generate a geocentric potential that
acts on the muon spin with its gradient field, potentially
resolving the (g-—2), discrepancy [14,15], which we
denote as the long-range muon spin force model (LMSF).

Given that the mediator is very light, stringent constraints
apply to two individual couplings. For the ALP-nucleon
monopole coupling, there are laboratory constraints coming
from equivalent principle tests such as Eo6t-Wash and
MICROSCORPE [17,18]. For the ALP-muon coupling, astro-
physical constraints arise from cosmic microwave back-
ground and supernova observations [19-21]. Nevertheless,
possible extensions of the model have been proposed to
circumvent the supernova constraints [15]. To experimen-
tally validate this scenario, new proposals have emerged to
investigate the combined two couplings, such as the muon
storage ring [13,14] and atomic spin coupled to directions
induced by external mass through the muon loop [22]. While
these approaches do not currently rule out the muon spin
force as a solution to the (g —2), discrepancy, they hold
promise for future investigations.

In this study, we provide the first cross-check of the long-
range muon spin force using neutrino oscillations, distinct
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from previous studies concentrated on charged leptons. The
axion coupling to left-handed charged leptons implies a
corresponding link to neutrinos [23], unless the SU(2),
weak symmetry is violated [24]. Consequently, the geo-
centric muonic potential similarly influences muon neu-
trinos. While previous researches have studied into
long-range force interactions between neutrinos and matter,
typically focusing on scalar-scalar or vector-vector inter-
actions [25-31], our work highlights CP-violating scalar-
pseudoscalar (PS) interactions. The PS-PS or AV-AV
interactions are less explored due to their requirement
for a polarized medium to generate the force field.

The spherically symmetric nature of the potential results
in its gradient being maximal in the radial direction. This
feature significantly influences neutrino oscillations, par-
ticularly favoring atmospheric (ATM) and solar neutrinos.
Current experiments such as BOREXINO [32], SNO [33],
Super-Kamiokande (SK) [34,35], and IceCube DeepCore
[36-39] can impose stringent constraints on the LMSF
model and the muon g — 2 parameter space. Additionally,
future experiments like Hyper-Kamiokande (HK) [40],
IceCube PINGU [41,42], JUNO [43,44], and SNO+
[45,46] could provide further scrutiny of this scenario.

II. MODEL SETUP

In the muon spin force model, the effective couplings of
the ALP to nucleon scalar bilinear and lepton AV bilinear
are given by

£ = 0,0 (v, + ejxle] + eciel) + g, bNN. (1)

where k,, k;, K are coefficient matrices for neutrino, left-
handed charged lepton and right-handed charged lepton
couplings respectively, and i, j are lepton generation
index. Given the weak symmetry, we have k, = k; [23].
To further match to the scenario [14,15], we require
K, = K, = —Kg, and the interactions are limited to the
2nd generation of leptons. Shortly after this manuscript,
Ref. [47] appeared, which consider the constraints to the
leptonic spin forces but with different interaction
Lagrangian igpoy’v.

The CP-violating coupling to nucleons N (protons
and neutrons) generates a static potential ¢. In the
LMSE, the modification to the muon precession frequency
w is expressed as dw = —(g,x,Ng)/(2zyry) [22], where
Ng denotes the total number of nucleons on Earth and y
adjusts for the muon time dilation, which detailed deriva-
tion is provided in the Appendix. This alteration relates to
the (g —2), result as sw/w ~ Aa,/a,. As a result, —k, g,
should lie in [0.88, 1.30] x 1072 GeV~! and [0.46, 1.70] x
10728 GeV~! for 16 and 36 confidence levels (CL) of the
(9 —2), anomaly, respectively.

The derivative coupling results in a shift of the four-
momentum of neutrinos [48,49], given by p, — p, +k,0,¢.

This leads to a gradient interaction between neutrinos and
matter at leading order [49],

AH =x,N¢ - p/|p|. (2)

Different from previous study, the time derivative of ¢ is
absent because this potential is static. We consider the Earth
and the Sun as the matter sources, with the ALP mass being
much smaller than the inverse of their radii. Consequently,
the gradient of spherical potential takes the form

dp(r) _ _9s / " an(£)P2de, (3)

dr  Jo

where ny represents the local nucleon density and r is the
radius from the center. For atmospheric neutrinos, ny is
calculated using the preliminary reference Earth model
(PREM) [50], which corresponds to twice the number
density of electrons n,. For solar neutrinos, the nucleon
density ny of the Sun can be obtained from either
GS98 [51] or AGSS09 [52], with our analysis primarily
based on the GS98 data.

The full Hamiltonian governing neutrino oscillations
[53,54] is represented as

2

m
=U
H 2E,

U' + Vysw + AH, (4)

where U stands for the PMNS matrix, m?=
diag(m?, m3, m3) denotes the diagonal mass matrix for the

mass eigenstates, Vygw = diag(v/2Gpn,.0,0) accounts
for the MSW matter effect, and AH = diag(0,«,Ve¢ -
p/|p|,0) incorporates the muonic spin force effect.
For antineutrinos, we adjust the formula by U — U* and

There are two significant aspects to the new contribu-
tion AH. First, unlike the free propagation term, which is
suppressed by E;!, AH does not depend on the energy of
the neutrino. Therefore, the LMSF contribution is particu-
larly significant for high-energy neutrinos. Second, as ¢(r)
is largely isotropic, its gradient aligns radially, correspond-
ing to the geographical vertical. This implies that short-
baseline neutrino experiments, where neutrinos propagate
along Earth’s tangent direction, remain unaffected.
For long-baseline neutrino experiments like DUNE and
others [55,56], there is still a suppression due to
0 <cos@ < L/(2Rg) ~ 0.1, where 0 represents the azimu-
thal angle of the neutrino propagation direction, L is the
baseline length of DUNE, and Ry is the Earth radius.
Notably, cos @ is largest at the surface and smallest when
the neutrinos reach the midpoint. Furthermore, the gradient
field V¢ peaks at the deep region, r ~ 3000 km for Earth,
rather than at the surface. Therefore, long-baseline experi-
ments are expected to provide limited constraints.
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Consequently, we will focus on solar neutrino and atmos-
pheric neutrino experiments in subsequent analyses.

III. OSCILLATION PROBABILITY

Calculating the oscillation probability is straightforward
with the full Hamiltonian from Eq. (4). For long propaga-
tion distances, we divide the distance into small segments,
compute the conversion probability for each segment, and
then combine these probabilities to determine the overall
conversion probability for the entire propagation.

For atmospheric neutrino oscillations, we set the neutrino
production height to 10 km above Earth’s surface, as
referenced in [57,58]. We also verified that variations in this
height have a negligible impact on the final results for both
SM and LMSF cases. The gradient of local field V¢ (r) could
be derived with the nucleon density data from PREM [50].

Numerically, we derive the v, survival probability and
the v, — v, conversion probability from the production
point to the detector as a function of neutrino energy E,, the
coupling combination «, g,, and the incoming zenith angle
of neutrinos cos 8. In the left and middle panels of Fig. 1,
we present the ratio of the survival probability of v,
between the LMSF and the SM for atmospheric neutrinos.
Firstly, a larger coupling |g,k, | results in a more significant
deviation from the SM case. We only show the negative
sign of g,k,, since the survival probability ratio remains
consistent regardless of its sign. Secondly, the largest
deviation in this ratio occurs for cos@ = —1, where the
neutrino approaches from the opposite side of the Earth.
This is because it traverses the longest path experiencing
the muonic force, and the potential AH is proportional to
cos@. Lastly, the neutrino energies E, in the ranges
[7,9] GeV and [20,30] GeV exhibit the most substantial
deviations in the ratio. For energies much lower than 5 GeV,
the vacuum oscillation term dominates over AH, causing
the ratio to approach 1. Conversely, for energies exceeding
30 GeV, the vacuum oscillation term is suppressed.

Howeyver, since both the MSW effect and AH effect are
diagonal in flavor space and do not induce flavor tran-
sitions, the ratio tends to 1.

For solar neutrino oscillations, the muonic force effect is
most pronounced when the neutrino propagates inside the
Sun. We primarily consider radial neutrinos whose gradient
field V¢ is parallel to the neutrino momentum. The flavor
ratios and fluxes of locally produced solar neutrinos are
tabulated and provided based on their radius [51]. The
oscillations inside the Sun can be more easily computed
using the adiabatic approximation [59,60]. Indeed, our
exact numerical calculations have been cross-checked to
ensure consistency with adiabatic approximation. Sub-
sequently, we propagate these solar neutrinos from the
solar surface to Earth using vacuum oscillation. We have
verified that the LMSF has a minimal effect in this route
due to the =2 suppression and the mass distribution of the
Sun already decreasing before reaching the surface. Lastly,
we neglect the oscillations inside the Earth due to the short
travel distance and the lower energy of solar neutrinos
compared to atmospheric neutrinos. By summing the
contributions of solar neutrinos produced from each vol-
ume of the Sun, we can determine the neutrino flux of each
flavor at the detector. In the right panel of Fig. 1, we depict
the ratio of the survival probability for solar v, at the
detector, with v, produced at r = 0.05Rg,,. One important
observation is that when changing the sign of the coupling,
the ratio changes accordingly, which is different from the
atmospheric neutrinos.

IV. ANALYSIS OF ATMOSPHERIC
NEUTRINO DATA

We investigate constraints on the LMSF using existing
atmospheric neutrino data from Super-Kamiokande (SK)
[35] and IceCube DeepCore [39], as well as anticipate the
future sensitivity of experiments like Hyper-Kamiokande
(HK) [40] and IceCube PINGU [38,39,61,62].
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FIG. 1. Contour plots for the ratio of neutrino oscillation probabilities between the LMSF and the SM for various energies E,, zenith

angles cos 6, and the coupling combination —k, g,. Left and middle panels: the atmospheric v, survival probability ratio, with a fixed
angle cos @ = —1 and coupling —«,g, = 1072® GeV, respectively. Right panel: the solar v, survival probability ratio at the detector, with

v, produced at r = 0.05Rg,,.
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SK is a sizeable underground water Cherenkov detector,
consisting of an inner detector (ID) with 30 ktons of water
and a 2 m thick outer detector (OD). Detected atmospheric
neutrino signals at SK are categorized as fully-contained
(FC), partially-contained (PC), and upward-going muons
(Up-u). FC and PC signals have event vertices recon-
structed within the ID, while only PC events show OD
activity. Up-u events mainly originate from neutrino
interactions outside the ID.

We employ the pulled y> method [63,64] to analyze the
sensitivity on the LMSF with the atmospheric neutrino
data, defined as

Oi‘a
2*(N,0) = 22 (Nija — Ojjy + Ojjo In—* >, (5)

ijo Nija

where N and O represent the expected and observed event
numbers, respectively. Indices i and j refer to the bin
indices for neutrino energy E, and incoming angle cos 6,
while o denotes the three categories of neutrino events. We
assume the normal mass hierarchy and cross-check that the
inverted hierarchy yields similar constraints, albeit slightly
weaker.

Next, we calculate the expected event numbers N from
our model using a rescaling procedure based on the known
number N, the expected events from the SM, to account
for the detection efficiency. For our signal calculations, we
adopt the SM oscillation parameters as the best-fit results
for SK [6,35], thus both O and N° data are obtained from
SK [35]. Ideally, if N?j is known and the 2D bins are small,

one can easily obtain N;; by the following rescaling:

Nij Za ffz/ Pa—»y/pq)adEdCOSQ (6)
N?j > ff,, Pg_,ﬂ/ﬁq)adEdcos 6’

where a sums over e, p neutrinos and antineutrinos,
®,(E,, cosd) is the atmospheric neutrino flux at its
production location before the oscillation process provided
by [65], and P,_,,/; is the neutrino oscillation probability
from our calculations. Notably, the detector efficiency cancels
out in this ratio since, in very small 2D bins, it can be treated
as a constant and factored out of the integrations.

Unfortunately, the atmospheric neutrino data from SK and
IceCube DeepCore [35,39] are provided in 1D bins by
integrating out the other variable, either with E,, distributions,
N?, or cos @ distributions, N ?. Consequently, we assume that
the two distributions are independent for the observed events
to estimate N;. We employ the Ay? defined as [6]

Ay = *(N,0) = 2 (7)

where 2. is the minimum of y*> when marginalizing over
the coupling.

For the SK atmospheric neutrino data [35], we utilize the
ID zenith angle distribution N9 to calculate Ay?. The
distribution integrates out energies greater than 1 GeV and
focuses on neutrinos from the backward direction,
cos @ < 0. Therefore, we modify Eq. (5) to its 1D form
using N j,, which is summed over the energy bins accord-
ingly. The neutrino categories a included in the analysis are
FC multi-GeV v, + 1,, PC through-going, Up-u stopping,
and Up-p nonshowering to establish the constraint.
Additionally, we present the future sensitivities for
Hyper-Kamiokande using the same analysis as SK. For
FC and PC signals, we assume they are proportional to the
fiducial volume, thus increasing the exposure by a factor of
8 over a 10-year accumulation period. For Up-u signals, we
assume they are proportional to the detector area, resulting
in a fourfold increase in exposure.

Similarly, for atmospheric neutrino data from Ice-
Cube DeepCore [39], events with energies between
6.3—158.5 GeV and zenith angles in —1 < cosf < 0.1
are accepted. They provide 1D signal distributions for
neutrino energy, zenith angle, and L/E,, ratio [39], where L
is the oscillation distance. The calculations of the con-
straints are similar to SK, and we sum the y? contributions
for all three 1D distributions. As for the future sensitivity of
IceCube PINGU, we conduct a 2D analysis using estimated
observed events N ?] The exposure is increased by a factor
of 5 compared to IceCube DeepCore [38,41], without
considering potential improvements in detection efficiency,
as a conservative estimate.

Finally, in the analysis of atmospheric neutrinos for non-
standard interactions, a simplified approach assumes all
atmospheric neutrino energies to be 10 GeV, focusing
solely on PC through-going and Up-u stopping events [64].
Adhering to the same monochromatic energy assumption,
we discovered marginally improved constraints, though the
optimal oscillation probability does not necessarily corre-
spond to an energy of 10 GeV. This disparity arises because
there is no cancellation of probability deficits and surpluses
across different energies. Additionally, our analysis encom-
passes more data categories beyond PC and Up-u events.

V. ANALYSIS OF SOLAR NEUTRINO DATA

We use solar neutrino data from BOREXINO [32],
SNO + SK [66] to constrain the LMSF. Solar neutrino
experiments conveniently offer observed electron neutrino
survival probability P%* and its uncertainty 5P The
electron neutrino survival probability from the LMSF and
the SM can be calculated and denoted as P,, and PY,,
respectively. We can construct the y? statistic as follows:

)(2 — Z <Pee(Ei) - P(e)ES(Ei»z (8)

(6P (E))*

where i sums over different energies.
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For BOREXINO [32], it provides the electron
neutrino survival probability at different energies: P22 (pp,
0.267 MeV) = 0.57 £ 0.09, P ("Be, 0.862 MeV) =
0.53 +£0.05, P (pep, 1.44 MeV) = 0.43 + 0.11,
P (®Bygg, 8.1 MeV) = 0.37 4 0.08, P (®Bygr.r,
7.4 MeV) = 0.39 +0.09, and P2 (®Bypr_m. 9.7 MeV) =
0.35 £ 0.09, respectively. For SNO + SK [66], its result
has a relatively small uncertainty: P%%(®B, 10 MeV) =
0.308 £ 0.015. Finally, we calculate the Ay”> for the
LMSF using Eq. (7), obtaining constraints from the solar
neutrino data. The SNO + SK data contributes dominantly
due to its low uncertainty and high energy.

VI. RESULT AND CONCLUSION

Using the Ay? calculated from atmospheric and solar
neutrino data, we can set limits on the coupling combina-
tion —k,g,. Given our assumption that the axion mass is
quite light and does not significantly contribute to the
potential, we have only one free parameter in the model,
—k,9gs. The 95% and 36 CL correspond to Ay?> = 3.84 and
9, respectively.

From Fig. 2, the current atmospheric neutrino data can
provide 95% CL constraints on —k,g, within the range
[-7.3,9.0] x 102 GeV~' for SK and [-6.8,6.8] x
1072° GeV~! for IceCube DeepCore. While SK boasts
better angular and energy resolution, IceCube benefits from
a much larger detector volume. Additionally, the SK
findings [35] only cover the 1D cos @ distributions, whereas
IceCube results encompass both the E,, cos6, and L/E,
distributions, leading to slightly better constraints from
IceCube.

The atmospheric neutrinos can offer significant con-
straints on the LMSF for the (g —2), parameter space.

12 — : o
\\ 1‘ ,' ; uam(lceCube)
ol - i vam(SK&HK) |
\ i 3a J ! VSolar
5 Vo ! ;
L @ \ 12 <! S 4
8 % \ \\% = &
® \ i = =
NX 6 o \_\ \m o QY]
r (o} 0
< e\ ‘-\i ) >
4 % \_'\g
2 L
0
29 1 2

—K,gs (10728 GeV)

FIG. 2. The current 95% and 3¢ CL constraints for the LMSF
model based on atmospheric neutrino experiments: SK (solid
blue), IceCube DeepCore (solid red), and solar neutrino experi-
ments: BOREXINO [32], SK + SNO [66] (solid dark green).
Future projections are presented for HK [40] (dot-dashed blue)
and IceCube PINGU [41] (dot-dashed red). The muon g —2
results are indicated by vertical gray lines representing the lo
(gray shaded) and 3o levels.

With ongoing and future neutrino oscillation experiments
featuring larger volumes, improved threshold and resolu-
tion, and higher efficiency, such as JUNO [43,44,67],
Hyper-K [40], SNO+ [45,46], and IceCube PINGU, we
anticipate substantial advancements. For instance, JUNO is
projected to enhance the uncertainty of low-energy solar
neutrino flux measurements by 10 to 20 times. Our future
projections suggest that experiments such as Hyper-K and
IceCube PINGU could improve the current limits by a
factor of two, without accounting for improvements in
threshold, resolution, and efficiency.

For solar neutrinos, BOREXINO and SNO + SK offer
strong constraints on the model, excluding —k,g, > 0.5 x
10728 GeV~! at the 95% confidence level. Therefore, the
solar neutrino data can also provide stringent constraints on
the region of the (g—2), parameter space. However, a

positive k, g, of O(107%) GeV~! actually enhances the fit
to the data, making the constraints on the parameter space
where «,g, > 0 much weaker compared to those derived
from atmospheric neutrinos.

In addition, there are constraints on non-standard neu-
trino interaction (NSI) from neutrino oscillation data, where
the NSI potential is usually written as VY5 = v2Gpn,€,p.

For atmospheric neutrino, the current allowed intervals
from IceCube DeepCore and SK are —0.041 < €., — €, <
0.042 [68] and |e,, — €,,| < 0.049 [69], respectively. For
solar neutrinos, the current data from SK favors the
presence of NSI with up or down quarks [70] and exclude
for a certain parameter space [70]. However, we should
emphasize that these constraints cannot be directly trans-
ferred to the bounds on the couplings of the LMSF model.
First, the NSI typically relies on local matter density
because of short-range interactions, while in the LMSF
model, the potential depends on an integration over a large
volume because of the long-range force nature. Second, the
potential in the LMSF model is direction-dependent, e.g.,
proportional to p,, - 7, while the NSI potential is usually not.
Therefore, we cannot directly convert the limits on ¢;; to
our model parameters without performing a full analysis of
the oscillation data, which also distinguishes our work from
the conventional NSI studies.

In summary, this study provides the first cross-check of
the long-range muon spin force using neutrino oscillations,
resulting in stringent constraints on the model and the muon
g —2 parameter space. Moving forward, experimental
groups can prepare 2D data, perform optimized analyses
tailored to the LMSF model, and investigate the effects
from the SM neutrino parameters.
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APPENDIX: MUON g -2 AND MUONIC
SPIN FORCE

In this section, we will determine the parameter space of
the long-range muon spin force model (LMSF) capable of
explaining the current discrepancy in a, between experimen-
tal measurements and the Standard Model (SM) predicted
value. We begin with the interaction Lagrangian between the
muon and the axionlike particle (ALP) force mediator

Lint = 9u0apF1° 7w, (A1)
where y represents the muon. Comparing the model in the
main text, we have the relation x, = x; = —kp = —g,.

The Hamiltonian density and the Hamiltonian for the

muon spin force can be written as

Himse = —9a0a DUy r W

gaaa¢ @ Zaﬁ- -5

H — a,,S 8 5,8 ) A2
LMSF (27[)3 2E, - » W (p)rty apu (p). (A2)

Here, a) and aj,’ are the creation and annihilation operators
for the muon field, p is the momentum of the muon, u# and
i are the spinors for the muon, and s, s’ are the spins of
the muon.

The muon g — 2 experiment investigates the precession
of muons in a magnetic field. To calculate the effect of the
muon spin force on this precession, it is convenient to work
in a rotated muon rest frame (RMRF) [13,71], where the
muon is boosted to a state of rest. When the muon is at rest,
the following relations hold [72]:

u'yu~2p-6=0, uy'vu~2mo’, (A3)

thus, in the RMRF, the Hamiltonian can be rewritten
as [71,73,74]:

. >

Hymsg = =9,V - 6. (Ad)

In the RMRE, the variation of the muon spin S with time
is given by [13]

ds

&%,
dt

(A5)
where @ is the frequency of muon precession in units of
rad/s. Meanwhile, based on the Heisenberg equations, the
spin operators evolve as

(A6)

where 3‘,» = 6;/2. Therefore, the additional spin precession
contribution from the muon spin force is

ds, . -
A(d_tl> = i[Hiyses Si] = =946™0;p8. (A7)

This can be interpreted as the change in the spin value as

ds; . .
A( ) = (Ul = g"e™0,a8,|u) = ~2g,60,S,

7 (A8)

where (u| and |u) are the initial and final states of the muon,
respectively. Given Eq. (AS), the extra spin precession can
be related to the frequency change as

ds; .
A (E) = €jk150)jSk, (A9)
from which we can deduce

as the choice of §; is arbitrary.
In the LMSEF, the interaction between ¢ and nucleons is
described by £ = g,¢NN. If ¢ represents the geocentric

field, its spatial derivative 6(;5 should point in the radial
direction, perpendicular to the boost direction of the muon.
Since both the field ¢ and its spatial derivative are invariant
under the muon frame transformation, in the RMREF,
we have

q @ _ gsgaNE
“dr 2zry

OWRMRF = — (A11)

where N, is the total number of nucleons in Earth and r is
the radius of Earth and we have assumed ¢ mass is smaller
than the inverse of the Earth radius.

After boosting back to the lab frame, the variance of the
precession frequency is given by

— gsgaNE

ow 5
2myry

(A12)

where the additional y factor accounts for time dilation.
This result is consistent with the one presented in Ref. [22],
but differs from that in Ref. [15] by a factor of 1/(2x).
Relating the frequency change to the muon g — 2 results,
we have [3,15,75]
dw Aa,

(A13)

[0 aﬂ

The recent measurement [3-6] indicates that Aa, =
(249 +48) x 10~'! > 0. Therefore, we conclude that
to explain the current measurement, we need to require
9ags > 0 and g,g, € [4.6 x 1072°,1.7 x 1072%] GeV~! at
the 30 level.
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