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Various theories beyond the Standard Model predict new particles with masses in the sub-eV range with
very weak couplings to ordinary matter which can possess spin-dependent couplings to electrons and
nucleons. We report null results of a search for possible exotic spin-dependent couplings of the neutron
which could be induced by the exchange of light weakly coupled bosons or spin-gravity coupling
conducted using a spin-echo neutron spectrometer. We constrain the products g2A and gAgV of the axial
vector coupling of the neutron to the matter of the Earth through the exchange of a weakly coupled vector
boson for force ranges between the metre scale and the radius of the Earth. We also constrain the constants
in some theories of exotic spin-gravity couplings.

DOI: 10.1103/PhysRevD.101.122002

I. INTRODUCTION

The question of whether or not the gravitational inter-
action can possess a component depending on the intrinsic
spin of particles appears already at the level of classical
general relativity (GR) and was also supported by the
concept of quantum mechanical spin. It is a persistent
theme in the theoretical literature on gravitation [1–3].
In GR, gravity is interpreted as spacetime curvature, and
test-particle trajectories are geodesics. Spacetime torsion,
a further natural geometric quantity that is available to
characterize spacetime geometry, vanishes in GR.
However, many models which extend GR include various
types of nonvanishing torsion sourced by some form of spin
density [4–6]. In such models, the coupling of torsion to
spin is typically of the same strength as that of curvature to
energy-momentum, and spin-density sources strong
enough to generate measurable torsion effects are difficult
to find or fabricate. One can take an alternative point of

view and simply treat the question of the presence of
torsion as an issue to be answered by experiment [7–14].
The possible existence of new interactions in nature with

ranges of mesoscopic scale (millimeters to microns),
corresponding to exchange boson masses in the 1 meV
to 1 eV range and with very weak couplings to matter has
been discussed for some time [1,15] and has recently begun
to attract renewed scientific attention. Particles which might
mediate such interactions are sometimes referred to generi-
cally as WISPs (weakly interacting sub-eV particles) [16]
in recent theoretical literature. Many theories beyond the
Standard Model, including string theories, possess
extended symmetries which, when broken at a high energy
scale, lead to weakly coupled light particles with relatively
long-range interactions such as axions, arions, familons and
Majorons [17–24].
A general classification of interactions between non-

relativistic fermions assuming only rotational invariance
[25] reveals 16 operator structures involving the spins,
momenta, interaction range and various possible couplings
of the particles. Of these sixteen interactions, one is spin-
independent, six involve the spin of one of the particles
and the remaining nine involve both particle spins. Ten of
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these 16 possible interactions depend on the relative
momenta of the particles. The addition of the spin degree
of freedom opens up a large variety of possible new
interactions to search for which might have escaped
detection to date. Powerful astrophysical constraints on
exotic spin-dependent couplings [26–28] exist from stellar
energy-loss arguments, either alone or in combination with
the very stringent laboratory limits on spin-independent
interactions from gravitational experiments [29]. However,
a chameleon mechanism could in principle invalidate some
of these astrophysical bounds while having a negligible
effect in cooler, less dense lab environments [30], and the
astrophysical bounds do not apply to axial-vector inter-
actions [25]. These potential loopholes in the astrophysical
constraints, coupled with the intrinsic value of controlled
laboratory experiments and the large range of theoretical
ideas which can generate exotic spin-dependent inter-
actions, has led to a growing experimental activity to
search for such interactions in laboratory experiments.
Different experiments have sought for either a spin-

dependent gravity effect or new spin-dependent inter-
actions using macroscopic test masses [13], atomic
magnetometers [31,32], hyperfine transitions in trapped
ions [33], free fall experiments with atoms in different
hyperfine states [34–36] including a Mach-Zehnder-type
Raman atom interferometer [37] and atom interferometry
[38]. In the analysis of the latter experiment a modified
gravitational potential including a possible violation of the
weak equivalence principle (WEP) and the presence of a
spin-dependent gravitational mass was considered in the
form Vg;AðzÞ ¼ ð1þ βa þ kSzÞmAgz, where mA is the rest
mass of the atom, βa is the anomalous acceleration
generated by a nonzero difference between gravitational
and inertial mass due to a coupling with a field with
nonmetric interaction with gravity, k is a model-dependent
spin-gravity coupling strength, and Sz is the projection of
the spin along the gravity direction.
Spin and velocity-dependent interactions from spin-1

boson exchange can be generated by a light vector boson
Xμ coupling to a fermion ψ with an interaction of the
form LI ¼ ψ̄ðgVγμ þ gAγμγ5ÞψXμ, where gV and gA are the
vector and axial couplings. In the nonrelativistic limit, this
interaction gives rise to two interaction potentials of interest
depending on both the spin and the relative momentum
[39]: one proportional to g2Aσ⃗ · ðv⃗ × r̂Þ and another propor-
tional to gVgAσ⃗ · v⃗, where σ⃗ is the Pauli spin matrix.
Neutrons have been used for gravity measurements

since the 1960’s [40], and more recently they have been
used with success to tightly constrain possible weakly
coupled spin-dependent interactions of mesoscopic range
[41]. A polarized beam of slow neutrons can have a long
mean free path in matter and is a good choice for such an
experimental search [42]. Piegsa and Pignol [43] reported
improved constraints on the product of axial vector

couplings g2A in this interaction. Polarized slow neutrons
which pass near the surface of a plane of unpolarised bulk
material in the presence of such an interaction experience
a phase shift which can be sought using Ramsey’s well-
known technique of separated oscillating fields [44].
These limits were improved in subsequent work using
polarized slow neutron polarimetry [45]. Other experi-
ments have constrained gVgnA, where g

n
A is the axial vector

coupling to the neutron. Yan and Snow reported con-
straints on gVgnA using data from a search for parity-odd
neutron spin rotation in liquid helium [46]. Adelberger
and Wagner [29] combined experimental constraints on
g2V from searches for violations of the equivalence
principles and g2A from other sources to set much stronger
constraints on gVgnA for interactions with ranges beyond
1 cm. Yan [47] analyzed the dynamics of ensembles of
polarized 3He gas coupled to the Earth to constrain gVgnA
for interactions with ranges beyond 1 cm with laboratory
measurements.
The experiment described in this paper sought longer-

range exotic spin-dependent interactions of the neutron
which could be sourced by the Earth using a spin echo
interferometry technique known as spin echo small angle
neutron scattering (SESANS) [48–50]. A SESANS neutron
spin echo spectrometer coherently splits and recombines
the neutron paths of the interferometer using a series of
shaped magnetic fields.
In the conventional horizontal configuration employed

in almost all such instruments this spectrometer is not
sensitive to such interactions because the two paths lie in
the horizontal plane. However by rotating the instrument by
90 deg, such that one path through the interferometer is
higher than the other, effects on the neutron wave function
from the Earth may be observed. The spin-independent
phase shift of the neutron from Newtonian gravity was
observed in the famous Colella, Overhauser and Werner
(COW) experiment using a perfect crystal interferometer
[51]. The precision of the COW measurement on the
neutron was improved by almost 1 order of magnitude
using a neutron spin echo interferometer [52]. In that work
it was shown that the gravitationally induced quantum
phase shift of the neutron agreed to within 0.1% of the
value expected from theory. This result resolved a long-
standing discrepancy in the perfect crystal-based neutron
COW measurements between theory and experiment at the
1% level [53–56]. However residual discrepancies in some
aspects of the data were found. Since the two neutron paths
which are coherently split and recombined in the SESANS
spectrometer possess different spin states, this discrepancy
raised the question of whether or not this residual difference
could be due to an unexpected spin-dependent interaction
of the neutron dependent on its height above the Earth’s
surface. This result triggered the experiment reported in
this paper.
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II. THEORY

The Hamiltonian which describes the interactions in our
experiment is given by

Hðr⃗Þ ¼ HBðr⃗Þ þHGðr⃗Þ þHFðr⃗Þ þHVðr⃗Þ þHAðr⃗Þ: ð1Þ

The first term describes the interaction with the magnetic
flux B⃗ðr⃗Þ at location r⃗,

HBðr⃗Þ ¼ −SBσ⃗ · B⃗ðr⃗Þ; ð2Þ

where the magnetic interaction energy is SB ¼ 60.2 neV=T.
The second term describes the gravitational interaction
between the neutron and all source particles,

HGðr⃗Þ ¼
X

i

hGðr⃗ − s⃗iÞ; ð3Þ

where
P

i denotes the sum over all source particles at
locations s⃗i (similar equations are used for HF, HV and HA
as they are also defined as interparticle interactions).
Further,

hGðr⃗Þ ¼ −
Gmmi

r
ð1þ βaÞe−

r
λc ; ð4Þ

where G is the gravitational constant, m the mass of the
neutron and mi the masses of the source particles. βa
parametrizes a possible acceleration generated by a nonzero
difference between gravitational and inertial mass [38,57]
and λc is an interaction range. The third term is a spin-
gravity coupling similar to the one used by [38]. For each
source particle we have

hFðr⃗Þ ¼ −
h2

2mr

�
1

λc
þ 1

r

�
e−

r
λcgFσ⃗ ·

r⃗
r
; ð5Þ

where h is the Planck constant and gF is a spin-gravity
coupling strength constant. The fourth term comes from
single vector boson exchange [39,43] yielding for each
source particle,

hVðrÞ ¼
ℏ2

mλr
e−

r
λcgVgAσ⃗ ·

v⃗
v
; ð6Þ

where ℏ ¼ h=2π, λ equals the neutron wavelength, v⃗ the
velocity of the neutron with respect to the source particle,
gV is the vector coupling and gA is the axial vector coupling
constant. Note that to measure HV the neutron-polarization
precession plane must be parallel to the neutron velocity.
The fifth term also comes from single vector boson
exchange [39,43] so that again for each source particle,

hAðrÞ ¼
ℏ3

8m2cλr

�
1

λc
þ 1

r

�
e−

r
λcg2Aσ⃗ ·

�
v⃗
v
×
r⃗
r

�
; ð7Þ

where c is the speed of light. To measure hA the precession
plane must be horizontal and perpendicular to the neutron
velocity.
Assume that all nucleons in the Earth (with mass M and

radius R) act as a source, then the second term of the
Hamiltonian becomes

HGðrÞ ¼ −ηðz; λc; RÞSGð1þ βaÞ; ð8Þ

where SG ¼ mgR ¼ 0.615 eV with g the gravitational
acceleration and

ηðz; λc; RÞ ¼
e−

z
λc

1þ z
R

f

�
R
λc

�
; ð9Þ

where z is the height above the Earth and

fðxÞ ¼ 3e−x

x2

�
cosh x −

sinh x
x

�
:

This function monotonically decreases from 1 for x ¼ 0 via
0.41 for x ¼ 1 and 0.014 for x ¼ 10 to a limit of 3=ð2x2Þ.
When z changes, the distance to the source particles
changes and hence also the coupling energy. When z≪R
and z ≪ λc we have

ηðz; λc; RÞ ≈
�
1 −

z
R

�
f

�
R
λc

�
;

and this part of the Hamiltonian reduces to the standard one
for the potential energy of a neutron in the Newtonian
gravitational field of the Earth (i.e., R ≪ λc),

HGðrÞ ¼ ðz − RÞmgð1þ βaÞ: ð10Þ

The third term of the Hamiltonian becomes

HFðrÞ ¼ −ζðz; λc; RÞSFgFσ⃗ · e⃗z; ð11Þ

where SF ¼ Mh2=ðm2R2Þ ¼ 1.4 × 1017 eV and

ζðz; λc; RÞ ¼
1

2

�
R
λc

þ R
Rþ z

�
e−

z
λc

1þ z
R

f

�
R
λc

�
: ð12Þ

When z ≪ R ≪ λc we have

ζðz; λc; RÞ ≈ 1 −
z
R
;

and this part of the Hamiltonian reduces to the one given by
[38] if one uses gF ¼ km3R3g=ðMh2Þ,
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HFðrÞ ¼ mgðz − RÞkσ⃗ · e⃗z: ð13Þ

The fourth term of the Hamiltonian becomes

HVðrÞ ¼ ηðz; λc; RÞSVðλÞgVgAσ⃗ ·
v⃗
v
; ð14Þ

where SVðλÞ ¼ Mℏ2=ðm2RλÞ. The sensitivity is inversely
proportional to the neutron wavelength. For a wavelength
of 0.18 nm it is 1.21 × 1032 eV. The fifth term of the
Hamiltonian becomes

HAðrÞ ¼ ζðz; λc; RÞSAðλÞg2Aσ⃗ ·

�
v⃗
v
× e⃗z

�
; ð15Þ

where SAðλÞ ¼ Mℏ3=ð8m3R2cλÞ. Again, the sensitivity is
inversely proportional to the neutron wavelength. For a
wavelength of 0.18 nm it is 5.3 × 108 eV.
The terms for the axial coupling constants are inversely

proportional to the neutron wavelength, and hence they
can be discriminated by variation of the neutron wave-
length from magnetic flux contributions to the Hamiltonian
which are independent of the neutron wavelength as is
obvious from the first term in the Hamiltonian. An addition
of energy to the Hamiltonian will proportionally change
the precession frequency of the polarization vector,
according to

Δω ¼ −
2π

h
H: ð16Þ

This induces a wavelength dependent shift of the spin-echo
phase,

Φ ¼ Δω
mλL
h

; ð17Þ

where L is the appropriate length along the neutron beam
where the instrument is sensitive to the influence of the
terms in H. In this case we will have a wavelength
dependent shift for the magnetic field contribution of

ΦB ¼ SB
2πmλLBB

h2
: ð18Þ

In the case of the gravitational couplings the contributions
become

ΦG ¼ −δ
2πm2gλLG

h2
ð1þ βaÞ; ð19Þ

and

ΦF ¼ δ
2πm2gλLF

h2
k; ð20Þ

where LG and LF are the effective interaction distances.
Note that, since the spatial separation δ of the two
interferometer paths is proportional to the square of the
neutron wavelength, the phase shifts ΦG and ΦF will
actually be proportional to the cube of the wavelength and
therefore experimentally distinguishable from the magnetic
field phase shift ΦB.
The terms from vector boson exchange are inversely

proportional to the neutron wavelength, and hence they can
be discriminated by variation of the neutron wavelength,

ΦV ¼ ηðz; λc; RÞλSVðλÞ
2πmLV

h2
gVgA; ð21Þ

and

ΦA ¼ ζðz; λc; RÞλSAðλÞ
2πmLA

h2
g2A; ð22Þ

where LV and LA are the effective interaction distances.

III. EXPERIMENTAL DETAILS AND RESULTS

The experiment was conducted at the ISIS Pulsed
Neutron and Muon Source using the Offspec instrument.
Offspec is a time of flight instrument equipped with a series
of four parallelogram shaped static magnetic fields each
with an rf flipper at the center. The instrument has been
described in a number of publications [58–60] and in our
previous gravity experiment [52]. A schematic overview is
presented in Fig. 1(b). In the first half of the instrument one
separates the spin-up and spin-down eigenstates in space by
a magnetic field, just to bring them back together in the
second half of the instrument by a mirrored field configu-
ration. In the vertical configuration the spin states will
acquire different phases along the two paths due to the
differences in gravitational potential and possibly due to the
spin-dependent couplings of interest and the interference
pattern will change accordingly. The splitting is achieved

FIG. 1. Pictorial representation of the Offspec setup showing
the beam line components and magnetic field orientations in (a),
these are (1) polarizer, (2) v-coil (π

2
rotation), (3) rf flippers with

shaped pole shoes, (4) Drabkin flipper with longitudinal magnetic
field, (5) field stepper, (6) analyzer and (7) detector. In (b) is
shown the operation of OffSpec (adapted from Ref. [52]).
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by the gradient in the magnetic field across the beam [50].
The spin-echo phase is the difference between the phases
acquired by the spin states along the two paths.
In the standard spin echo configuration of OffSpec the

magnetic fields are perpendicular to the neutron beam and
can be rotated to point in either the horizontal or vertical
directions. This enables the measurement of the second
term of the Hamiltonian (1). In the vertical direction, the
gravitational potential energy of the upper spin state is
larger than that of the lower spin state. Hence, the different
HG will yield different acquired phases, and they will not
cancel each other, resulting in a finite spin-echo phase. The
same holds for HF and HA as the sensitive directions are
perpendicular to the beam.
To measure the HV contributions we installed two

Drabkin flippers [61] in the (otherwise empty) sample
region of Offspec to put the neutron spin states into the
direction longitudinal to the beam. These flippers consist of
cylindrical magnetic-metal shields with end corrected
solenoids and were operated in nonflip mode to adiabati-
cally rotate and align the neutron spin along its longitudinal
momentum vector and provide a longitudinal magnetic field
parallel to the neutron trajectory. These flippers were placed
on either side of the magnetic field stepper and are shown
within the main guide field in Fig. 1(a). Both Drabkin
flippers have a length of 400 mm, windings at a radius of
85 mm, and a magnetic-metal shield with radius 90 mm.
Similar to the procedure described in [52,59] the spin-

echo-length constant was determined in both the vertical
and horizontal modes. The result for the horizontal mode is
shown in Fig. 2. The sample was a silicon grating with a
calibrated period of 1.000� 0.001 μm. The scattering
from the grating was analyzed using the phase object
approximation [62]. The grating scattering length density

profile was fitted to a trapezium shape with a height of
6.24 μm, a top width of 0.297 μm and a slope width of
0.123 μm. The wavelength scale of the instrument was
calibrated with 1 part per thousand precision using a single
crystal graphite crystal sample. The fitted spin-echo-length
constant was 3.435ð4Þ μm=nm2 for the vertical case and
3.366ð5Þ μm=nm2 for the horizontal case.
As the same sample was used one might at first glance

expect these values to be the same. The difference of
0.069ð7Þ μm=nm2, which is statistically significant, is
probably due to the scattering of the neutron beam at
the sample.
In [52] it was shown that the spin-echo condition is

changed when the inclination angle of the neutron beam
with respect to the horizontal is changed. In this case
a tilt that generates 0.134 rad=nm3=degree corresponds to a
change in the spin-echo-length constant of 0.088 μm=nm2.
The scattering angle of the neutron beam at the sample is of
the order of 1 deg; hence in the vertical mode the spin-echo
condition changes due to a different path of the neutron
beam through the second magnetic field region as a result
of the scattering. This would change the measured polari-
zation profile and hence the fitted spin-echo-length con-
stant. In the horizontal mode the scattering angle does not
influence the inclination angle of the beam, and hence the
spin-echo condition remains unchanged. This combined
effect of the tilt plus the scattering from the calibration
sample could also explain the small systematic deviations
in the results obtained previously in [52]. This is why we
decided to use the horizontal results for the spin-echo-
length constant only.
The measurements were done as in the previous experi-

ment [52] and consisted of determining the polarization of
the beam as a function of the spin-echo phase difference
according to

Pm ¼ P cos ðΦþ ðC0Ia þ C1Þλþ C2λ
2 þ C3λ

3Þ; ð23Þ

where Φ is the wavelength independent spin-echo shift and
C0 ¼ 2πmSBðBa=IaÞLa=h2. Ia is the current through the
second Drabkin coil which was scanned to be able to
determine the phase, and Ba and La represent the active
magnetic field and interaction distance for the phase shift
contribution. C1 represents the initial out-of-echo condi-
tion. We set C2 to zero as this term is only influenced by the
Sagnac effect, which is too small for us to resolve in this
experiment [52]. C3 ¼ ðΦG þΦFÞ=λ3 is determined by the
gravitational phase shift only. Note that C3 is a constant
independent of neutron wavelength or scan-coil current.
A scan consisted of varying the echo by adding an

additional current Ia to the second Drabkin flipper (see
Fig. 1). Ia was varied from Io − 0.5 A to Io þ 0.5 A in 101
steps of 10 mA. The current Io was chosen in such a way
that the spin-echo was in balance position and varied
between �0.5 A. An example of a data set is shown in

FIG. 2. Neutron polarization as a function of neutron wave-
length analyzed by the neutron polarization analyzer at the exit of
the interferometer in the horizontal mode as the coherently split
neutron beam passes through the calibration grating. The solid
line is a fit using the phase object approximation with a grating of
1 μm period.
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Fig. 3 for both the horizontal (upper graphs) and vertical
case (lower graphs). To the left the measurements are
shown and to the right the corresponding fits. In the case
with horizontal geometry the spin-echo condition does not
depend on wavelength in contrast to the vertical mode. As
the spin-dependent interaction of interest depends on the
direction of the polarization vector with respect to the Earth
and the beam direction, these data sets were measured in

each mode for a total of 4 times differing by the parallel and
antiparallel direction of the magnetic fields in each of the
Drabkin coils. This enables the check of systematic effects
in the determination of the fitted values. Additionally three
different modes of OffSpec were used. One where the
splitting occurred in the horizontal direction, one where the
splitting occurred in the vertical direction and one where
the splitting occurred in the vertical direction and the sign
of the magnetic field regions was reversed. The results are
shown in the Table I.

IV. DISCUSSION

The expected values when the coupling constants would
be absent are 0 for Φ and −0.134 rad=nm3 for C3 in the
horizontal mode and 5.239 rad=nm3 for C3 in the vertical
modes. The value of C3 is approximately a factor of 2 less
than in the previous experiment [52]. This is due to
different instrumental settings, in detail the magnetic field
strength and the angle of the magnetic field regions with
respect to the neutron beam.
The measured variation in the phase fit results with

changing Drabkin coil current directions are in general very
small. Less than 0.15 rad in case of the constant term and
less than 0.08 rad=nm3 for the third order term. This
establishes a maximum value for the coupling constants.

FIG. 3. Neutron polarization as a function of neutron wavelength and axial current for (a) horizontal mode and (b) the corresponding
fit and (c) vertical mode and (d) the corresponding fit respectively.

TABLE I. Fit results of constant and third order term. P denotes
polarization vector parallel to the neutron beam and A denotes
antiparallel. Estimated statistical standard deviations between
brackets.

Φ (rad) C3 (rad=nm3)

P A P A
Horizontal P 0.094(3) 0.060(4) P −0.190ð10Þ −0.087ð12Þ

A 0.089(4) 0.028(5) A −0.110ð13Þ −0.058ð15Þ
P A P A

Vertical I P 0.077(4) 0.329(4) P 5.158(11) 5.247(12)
A 0.062(4) 0.253(3) A 5.223(10) 5.237(10)

P A P A
Vertical II P 0.244(4) 0.228(8) P 5.207(11) 5.216(19)

A 0.250(4) 0.222(8) A 5.185(11) 5.176(20)
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The βa value of the Hamiltonian HG contributes by
changing C3. In Table II the deviations from the theoretical
values (with all coupling constants set to 0) in C3 are
shown. They are generally less than 0.1 rad=nm3. This sets
an upper limit on fðRλcÞβa of 0.02. A similar value can be
found for the contribution of Hamiltonian HF, resulting in
k < 0.01. This is a factor of 2 less than before because HF
is sensitive to the direction of the polarization. Hence, when
the difference between two measurements, for which the
effect is reversed, is used, the sensitivity doubles. Here we
use the difference between vertical I and II. With respect to
the limits established by [38] these values are quite poor,
but this is the best limit to our knowledge for free neutrons.
If k is translated to the coupling constant gF this is limited
to 4 × 10−20.
The Hamiltonian HV contributes only to the spin echo

phase when the precession plane is perpendicular to the
velocity of the neutron, hence inside the Drabkin coils.
Depending on the direction of the current through the coils
the phase is added or subtracted. Hence, the effective
interaction length LV is twice the path through both
Drabkin coils as we compare the phase shifts when
the effect in the coils is reversed hence 4 × 400 mm,
LV ¼ 1.6 m and ζgVgA < 0.11 × 10−44. This bound is
much lower than the neutron Ramsey method [43] and
the Princeton results [63].
The contribution of the HamiltonianHA to the spin-echo

phase is not reversed by the Drabkin coils. It reverses under
the �90 deg rotations from the horizontal position to the
vertical configurations I and II.HA influences the spin-echo
phase inside the precession region but outside the Drabkin
coils where the polarization vector and velocity vector are
parallel. Hence the effective interaction range in this case is
2 times the distance traveled through the precession region
minus the distance traveled through the Drabkin coils,
LA ¼ 2ð3.85 − 0.80Þ ¼ 6.1 m and ηg2A < 0.67 × 10−22, so

that when η ≈ 1 then g2A < 0.67 × 10−22. This bound is
shown in Fig. 4. It is much lower than the neutron Ramsey
method [43], but orders of magnitude higher than the
Princeton results [63].
When the interaction distance is much less than the

radius of the Earth, but longer than the height above Earth
surface, then η ≈ 3λ2c=2R2 so that gVgA < 0.27=λ2c × 10−31

TABLE II. Deviations of fit results with theoretical calculations
of third order term taking all coupling constants set to 0. P denotes
polarization vector parallel to the neutron beam and A denotes
antiparallel. Estimated statistical standard deviations between
brackets.

ΔC3 (rad=nm3)

P A
Horizontal P −0.056ð10Þ 0.047(12)

A 0.024(13) 0.076(15)

P A
Vertical I P 0.083(11) 0.066(12)

A 0.089(10) 0.060(10)

P A
Vertical II P −0.032ð11Þ −0.023ð19Þ

A −0.054ð11Þ −0.063ð20Þ FIG. 4. Bounds on g2A from several experiments. (a) refers to the
Princeton K-He3 constraints [63] produced mathematically from
the massless limit and formula specified in their paper, (b) refers
to the Piegsa and Pignol copper constraint [43], (c) refers to the
neutron spin rotation constraint [45] and (d) the new Offspec
constraints are in red plotted from 1 m to 105 m for the apparatus
height and Earth radius assumptions.

FIG. 5. Bounds on gVgA from several experiments. (a) refers to
the Princeton K-He3 constraints [63] produced mathematically
from the massless limit and formula specified in their paper,
(b) NSR n-4He result which is a composite of the limits specified
in the publication in order to approximately replicate the gradual
drop off in sensitivity approaching 1 m. (c) is the approximate
Adelberger composite constraint which was graphically sampled
from the red dashed line of Fig. 1 in their publication [29] and
(d) the new Offspec constraints are in red plotted from 1 m to
105 m for the apparatus height and Earth radius assumptions.
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(λc in meters) which in this interaction range is much
lower than both methods as shown in Fig. 5. In that case
η ≈ 3λc=2R so that g2A < 0.27 × 10−15=λc (λc in meters)
again in the interaction range much smaller than the
neutron Ramsey method.
For the third order term the measurement noise has a

1.5% fractional error compared to the statistical error of
about 0.4% (from 0.020 rad=nm3). Hence, the statistical
noise in the data is 3–4 times larger than expected from
neutron counting statistics.
For the constant term the statistical accuracy estimated

from neutron counting statistics is about 0.008 rad, which is
also smaller than the observed noise. Table I shows that there
are no obvious correlations between the values. The extra
noise could be due to systematic variations from changes of
several instrumental parameters which can influence the
magnetic fields which are used to split and recombine the
polarized neutron beam. These effects can include external
magnetic field variations in the ISIS experimental hall, slow
variations in the fields from the Drabkin coils, slow drifts in
magnetic field parameters in components of the apparatus
etc. Not all of the relevant magnetic fields in the apparatus
which could produce such extra noise are monitored. In any
future measurements which would attempt to improve these
limits one would need to exercise more control over the
magnetic field environment.

V. CONCLUSION

We have used a unique polarized neutron spin echo
spectrometer Offspec at ISIS, which allows the plane of
separation of the neutron paths in the interferometer to be
shifted from the horizontal to the vertical plane, combined
with the different direction of the neutron polarization states
in each subbeamof this interferometer, to search for possible
weakly coupled long range interactions from exotic vector
boson exchange of the matter in the Earth that couple to the
neutron spin. Our results are ζgVgA < 0.11 × 10−44 and
ηg2A < 0.67 × 10−22. The precision of this measurement
could be improved in principle with more extensive control
of the magnetic field environment of the apparatus.
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