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Using Earth to search for long-range spin-velocity interactions
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Precision measurements of the possible coupling of spin to other (pseudo)scalar and (pseudo)vector
fields has proven to be a sensitive way to search for new particle physics beyond the standard model.
Indeed, in addition to searching for exotic spin-spin interactions, studies have been undertaken to look for
couplings of spin to gravity, the relative velocity between particles, and preferred directions. Several
laboratory experiments have established upper bounds on the energy associated with various fermion spin-
orientations relative to Earth. Here, we combine these results with a model of Earth as a moving
unpolarized source in order to investigate the possible long-range spin-velocity interactions associated with
the exchange of ultralight (m, < 1 neV) or massless scalar or vector bosons. We establish stringent bounds
on the strength of these couplings between electrons, neutrons, protons, and nucleons.
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I. INTRODUCTION

The Standard Model of particle physics describes estab-
lished forces as being mediated by the exchange of virtual
bosons. Many standard model extensions predict the
existence of new bosons [1]. Axions and axionlike particles
(ALPS) [2-4] are examples of proposed spin-O bosons
while 7 bosons, paraphotons, and dark photons [5-8] are
examples of proposed spin-1 bosons. All of these bosons
are potential dark-matter candidates. Also of interest are
proposed extensions of general relativity, like torsion
gravity [9], which could give rise to a coupling of spin
to mass.

Here we consider the possible existence of ultralight or
massless spin-0 or spin-1 bosons that mediate exotic long-
range interactions between spin and velocity. The exchange
of such a particle between fermions can be modeled as an
effective potential. A general classification of interactions
between nonrelativistic fermions that assumes only rota-
tional invariance gives 16 possible operator structures [10].
A more complete analysis which describes phenomena that
arise on the (sub)atomic scale is presented in Ref. [11]. That
description includes contact terms which are important
for atomic-scale phenomena but can be ignored at long
range. Here we restrict our discussion to the “spin-velocity”
interactions,
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These potentials describe the possible interactions
between a polarized particle of mass m; with spin 5, =
h64 /2 interacting with a unpolarized particle. Here ¥ and ¥
denote the relative position and relative velocity between
the two particles and ? = 7/r is the corresponding unit
vector. Here, f4,5 and f1,,3 are dimensionless coupling
constants, 7 is the reduced Planck’s constant, c is the speed
of light, and 2 = /(m_c) is the interaction range where
my is the intermediate-boson mass. We note that while
both of these potentials are even under a time-reversal
operation (7), the potential V1,3 is odd under a parity
operation (P). Both of these potential structures accom-
modate well-known physics. The potential Vs, for the
exchange of an ordinary virtual photon, describes the
potential (V = —ji-B) of a particle with a magnetic
moment ji interacting with the magnetic field B produced
by a charge ¢ moving with velocity . The potential V53
can describe the effective potential associated with the
exchange of the weak neutral boson, Z,. Here we are
interested in exploring if these same potential forms might
also describe the exchange of other exotic bosons.

A. Previous results

In order to probe these potentials, a relative velocity
between a detection spin and an unpolarized source is
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required. In recent investigations of these potentials using
atomic magnetometers [12—15] the source was a modu-
lated laboratory mass. An earlier spin-polarized torsion-
pendulum experiment [16] used both the Sun and Moon as
moving sources in their analysis. Previous work in our lab
combined a spin-polarized model of Earth with the results
of several experiments to extract stringent long-range
bounds on the possible coupling strengths of both veloc-
ity-independent and velocity- dependent spin-spin inter-
actions [17,18]. In Ref. [18] it is pointed out that Earth’s
rotation creates substantial relative velocities between
typical Earth- atoms and laboratory spins. Another analy-
sis used Earth as an unpolarized mass source to place
bounds on the couplings fi,,13 [19], and a number of
works have used Earth as either a polarized [20] or
unpolarized source [16,21,22] to constrain monopole-
dipole couplings. In the present work we use Earth as a
velocity-dependent unpolarized source. We combine our
Earth model with Egs. (1) and (2) and the results of various
experiments to obtain bounds on the long-range spin-
velocity coupling constants f4,5 and f,, 3.

Exotic spin-velocity dependent interactions have been
experimentally probed over a broad range of interaction-
lengths and boson-mass scales. We use the convention that
the first fermion from each labeled pair represents the spin-
polarized particle and the second fermion represents the
unpolarized particle. We follow the standard shorthand of
representing the electron, proton, neutron, and nucleon as e,
p, n, and N, respectively. Previous e-N bounds for both the
Vays [12-14] and V5, 15 [13,15] potentials for 1072 m <
A < 107 m were established using atomic magnetometers.
At interaction lengths above 107 m torsion-pendulum experi-
ments [16] have set limits on e-N couplings for both
potentials. For the same range, bounds have recently been
placed on spin-velocity n-N couplings by combining the
motions of the Sun and Moon with the results of an
experiment that searched for a violation of local Lorentz
invariance [23]. For A < 1072 m, constraints on V4,5 n-N
couplings have been established using K-Rb-?'Ne comag-
netometers and a tungsten ring featuring a high nucleon
density [24], a spin-based amplifier [25], and a slow
neutron polarimeter [26]. In the same range, p-N con-
straints for V4 s were also established by Ref. [24].
Previous V', 13 n-N bounds were established by analyz-
ing the spin-relaxation time of polarized *He gas [19].

At interaction-lengths below 1072 m, constraints of
V12413 e-N couplings are set by atomic parity nonconser-
vation experiments [27], magnetic force microscopy
[28], and single NV centers [29]. The V4,5 e-N coupling
constraints are set by stellar cooling limits [30] and
cantilever experiments [31]. An analysis of these bounds
is presented in Ref [32]. An unreviewed result [33] claims
an observation of an interaction consistent with potential
V4.5 and the existence of two new exotic bosons with
masses of about 0.6 eV and 25 meV.

II. METHODS

Here we use the Earth as a moving unpolarized source.
The geoparticles can interact (via the proposed anomalous
spin-velocity potential) with electrons or nucleons contained
in spin-sensitive detectors. These interactions can induce
energy shifts in the detection spins that depend on their
orientation with respect to Earth. The experimental signature
of these potentials is the reversibility of the potential with the
reversal of the detector spin orientation or the applied
magnetic field. The average velocity of the majority of
Earth’s mass relative to a detector at Earth’s surface is
towards the west. Consequently, the spin-dot-velocity
Vi2.13 potential is maximally sensitive to orientation-
dependent energy shifts with spins oriented east/west while
the V4 5 cross-product potential is more sensitive to energy
shifts with spins oriented north/south. Because Earth’s
surface speed is greater at the equator than the poles, the
latitude of the experiment also influences the experiment’s
sensitivity. For example, at a latitude of 42.37° (Amherst,
MA) one’s speed around Earth’s center is ~343 m/s. For
comparison, laboratory sources typically have velocities of
less than ~6 m/s.

Using Earth as a particle source requires creating a map
of the electron and nucleon densities everywhere within
Earth. Two input functions of the distance from the center
of Earth, 7/, are needed to create this map: the mass density
of Earth, p,, ('), and the number of particles per unit mass
k;(r") of the considered fermion species (). By multiplying
these two parameters one obtains the particle density of
each species at ».

For the Earth as a nucleon source, the potentials of
Egs. (1) and (2) can be formulated as an effective total
potential, V, acting on the polarized spins [32],

h? P
Vises = —Favs o | p()len - (5x7)

1 1 .
X <E+p> e idr (3)

and

h P B
Vi3 :f12+138/ p(r)6y- V] —e7idr . (4)
T ) Earth r

Here p(r') = ky(r)p,,(r') is Earth’s unpolarized nucleon
particle density. We use the coordinate system detailed in
Ref. [18] to describe the integration of the potentials over
Earth’s volume. The potentials of Egs. (3) and (4) are
evaluated at 7 = 7, — ¥, where the geoparticle location is
described by the vector ¥ and the location of the spin-
polarized particle is designated by the vector 7,. The
relative velocity between the geoparticle and spin-polarized
particleis v = v/, — v/ where ¥/, = 0 x 7yand U = Qx7.

Here, €} is the angular rotation vector of Earth with
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magnitude |ﬁ| = 2x/(1 sidereal day). The integration is
carried out on the Amherst College computer cluster in
geocentric coordinates using Mathematica.

For A > 10* m we use the preliminary reference Earth
model (PREM) to determine Earth’s density. This model
describes Earth’s average properties by depth and is widely
used as the basis for seismic tomography and related global
geophysical models [34]. In this long-range limit x; is
determined from the elemental composition of the various
Earth strata. We assume an elemental composition deter-
mined by a smooth layered model which describes the
composition of the core [35], mantel [36], crust, and ocean
[37]. We assume natural isotopic abundance when determin-
ing the number of nucleons associated with each element.
Atoms inside Earth are assumed neutral in charge such that
the number of protons and electrons for each atom are equal.
In total when averaging over Earth, the ratio between protons
and nucleons is ~0.486.

This model sufficiently describes Earth’s properties for
large A, but for small A local inhomogeneities must be
considered. We use a global crustal model, CRUST 1.0 [38]
to describe Earth’s density for 1 < 10* m. The model
includes eight layers: water, ice, three sediment layers
and upper, middle and lower crystalline crust. At these
short ranges we assume that protons and neutrons occur in
equal quantities. We find good agreement between bounds
for intermediate 1 values resulting from the two models and
our predicted bounds are markedly insensitive to changes in
various Earth-model parameters. We do not quote bounds
for 4 < 10? m as inhomogeneities near the experiment limit
their accuracy.

III. RESULTS

We examine the experiments which place the most
stringent bounds on these orientation-dependent energy
shifts (f3) for electrons and nucleons. Bounds on the electron
(e) energy when its spin is oriented north (N) and east (E)
are derived from the SmCos-Alnico torsion-pendulum
experiment [16]. The bounds on the neutron (1) and proton
(p) orientation-dependent energy with spins oriented
north [39] and east [17] are derived from !®Hg-'33Cs

TABLE 1.

comagnetometer experiments. To extract these bounds
it is assumed that '’Hg has a neutron-spin projection
of —31% and a proton spin projection of —3% [40,41].
Other experiments intended to search for an anomalous
scalar coupling between nucleon spin and Earth’s gravity
yield bounds for neutron [22] and proton [21] spin
orientations along Earth’s spin axis (z). These results
are most effective at bounding the V,, s potential. The
129Xe-131Xe comagnetometer experiment of Ref. [22] and
the 3Rb-¥’Rb comagnetometer experiment of Ref. [21]
measure the energy difference between spin-up and spin-
down states of their associated particles along the vertical
to be <53x107%? eV and < 3.4 x 1078 eV, respec-
tively (95% C.L.). These experiments place bounds on the
neutron and proton spin coupling along the z-axis, B"Z <
(5.3x 10722 eV)cos(31.82°)/2 =23 x 10722 eV and
pP. < (3.4 x 10718 eV) c0s(37.66°) /2 = 1.3 x 10718 eV,
respectively. Here the geometrical factor transforms the
bound from along the vertical axis to along the z-axis and
the factor of 2 accounts for the two orientations of the
nuclear spins with respect to the applied magnetic field.

All of these results are compiled in Table 1. For the p-N
results we have included the results of both Ref. [39] and
Ref. [21] as the former depends upon nuclear structure
calculations whereas the latter does not. A review of the
relevant nuclear spin content is presented in Ref. [41]. A hat
over beta indicates that a correction has been applied to the
data to account for the gyro-compass effect due to Earth’s
rotation.

To establish bounds on the coupling coefficients we
require that the associated energy shift of the total potential
(V1) be less than the energy bound established on the spin-
coupling energy () in the spin-sensitive direction for the
various experiments. We assume there is no cancellation of
the effect by other exotic potentials. The resulting bounds
on the potentials are shown in Fig. 1 for 4 > 100 m. This
work’s constraints given in graphical form are at the
95% confidence level (2¢). This work improves bounds
on the e-N coupling constants f,, s and f,, (3 by as much
as 18 and 8 orders of magnitude, respectively, for the range
~10* m < 1 < 10'° m. In the same range, we improve the

Best experimental bounds on orientation-dependent energy shifts . The subscript denotes the spin

orientation (see text). All bounds are given at the 95% C.L.

Ref. System B (eV) Location Spin Symbol
[16] AINiCo-SmCos <5.9 x 1072 47.658°N, 122.3°W Electron By
[16] AINiCo-SmCos <8x 10722 47.658°N, 122.3°W Electron BE
[39] 199Hg-133Cs <43 x 10720 42.37°N, 72.53° W Proton By
[17] 199Hg-133Cs <3x 1072 42.37°N, 72.53° W Proton AP
(21] $5Rb-%'Rb <13x 10718 37.66°N, 122.05°W Proton pr.
[17] 199g-133Cs <29 %1072 42.37°N, 72.53°W Neutron P
[22] 129X e-131Xe <23x 1072 31.82°N, 117.23°E Neutron B,
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bounds on f, 5 for n-N and p-N couplings by as much as 9
and 8 orders of magnitude, respectively. The n-N coupling
f12.13 1s improved by as much as 5 orders of magnitude in
that range. We are unaware of any previous long-range
bounds on the p-N f,,3 coupling. Other measurements
of individual scalar, vector, and axial coupling constants
can be interpreted [42,43,44] to constrain these couplings
as well. Given the wide range of exotic interactions that
have been proposed, direct bounds on each of the allowed
potentials remain valuable.

IV. DISCUSSION

The slopes of our exclusion lines in Fig. 1 between
10> m <1< 10°m can be roughly understood from
dimensional analysis. In this range as A increases the
number of particles sampled increases as A3 (neglecting
geometric and density changes). The explicit radial depend-
ence of the newly included geoparticles drops off approx-
imately as 1/r for V,, 3 and 1/r? for V4, 5. However, their
relative velocities increase as r, so the sensitivity increases
proportional to 43 and 42 for V|, 5 and V4, 5 respectively,
as is approximately observed in Fig. 1. A similar argument
applied to the slope of the exclusion line of Ref. [19], where
the velocity does not increase with distance, yields a
sensitivity increase proportional to 1> for Vi, 3 as is
illustrated in Fig. 1.

The dimensionless coupling constants f,,s and f,3
can be given in terms of scalar (gg), vector (gy), and axial
(ga) coupling constants for the case of single massive spin-0

or spin-1 boson exchange following Refs. [10,45]. We
began our analysis by assuming the polarized particle in
fa.s and f,. 5 only interacts with nucleons. Then for the
case of spin-1 boson exchange 15,13 = 4¢/, g}, where the i
superscript specifies the polarized particle and the other
superscripts specify the unpolarized fermion species. The
f12+13 coupling constant is zero for single spin-0 boson
exchange. The same convention for f4, s yields fy, 5=
gkgy for spin-0 boson exchange and f,,5s = —(g'g +
3gi,g%)/2 for spin-1 boson exchange.

Constraints for other choices of couplings can be readily
obtained by scaling our limits. For instance, one can
estimate the constraints on g¢,g% or g¢,g} rather than
g gy by multiplying the relevant nucleon bound by
~2.06 (the inverse of the average proton/nucleon ratio of
Earth). Similarly, the constraints on ¢/, g% can be determined
by multiplying the relevant combined nucleon bounds
by ~1.94 = 1/(1—-0.486). This conversion factor is not
exact because the unpolarized particle density of Earth,
p(r'), depends on ' and cannot be simply factored out
of the volumetric integrals [Egs. (3) and (4)]. As such the
conversion factor is not a constant but depends on the
details of the integration. We have carried out the inte-
grations with our best estimates of the number of each
species of particle present (e, n and p, based on the
elemental composition of Earth) as a function of their
distance from the center of Earth. The results of this more
accurate integration method agree with the above approxi-
mation to better than 2%.
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FIG. 1.

Upper limits on the 4,5 and f,, 3 coupling constants as a function of interaction range. Each curve is identified using the

convention that the first fermion from each labeled pair represents the spin-polarized particle and the second the unpolarized particle.
Previous e-N (red) constraints of K. Y. Wu [13], Xiao [14], and Heckel [16], n-N (green) constraints of Yan [19], L. Y. Wu [23], and
Wei [24], and p-N (blue) of Wei [24] are shown with dashed lines. In (a), this work’s e-N (red), n-N (green), and p-N (blue) constraints
using bounds extracted from ,fie N [16], ﬁ”z [22], g7, [21], and ﬁp ~ [39] are shown with solid lines save for bounds extracted from [21]
shown as long dashes. In (b), this work’s e-N (red), n-N (green), and p-N (blue) constraints using bounds extracted respectively from
pee [16], " g [17], and pP ¢ [17] are presented as solid lines. The region above these constraints is excluded at 95% (2¢) confidence, save
for the work of Ref. [13] and [14] which excludes at the 68% (1o) confidence level. The bounds for all m, < 10720 eV are the same as

those displayed at m, = 1072 eV.
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V. CONCLUSIONS

We have combined the results from various experiments
with an Earth model to obtain bounds on the long-range
spin-velocity couplings f4,s and f,,3 that couple the
spins of electrons, neutrons, and protons to the velocities of
moving electrons, neutrons, protons and nucleons.

Improved measurements of the energies associated with
various fermion-spin orientations relative to Earth will
further improve bounds on these long-range spin-velocity
couplings, as well as both velocity-independent [17]
and velocity-dependent [18] spin-spin couplings. A new
generation of the Amherst investigation [17] uses

free-precession magnetometers and hopes to achieve an
order-of-magnitude improvement in sensitivity. In the future,
using Earth as a source of moving particles should continue
to provide a valuable means of constraining f4,5 and f,, 3
at ranges greater than 100 m.
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