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We present a search for possible spin dependent interactions of the neutron with matter through 
exchange of spin 1 bosons with axial vector couplings as envisioned in possible extensions of the 
Standard Model. This was sought using a slow neutron polarimeter that passed transversely polarized 
slow neutrons by unpolarized slabs of material arranged so that interactions would tilt the plane of 
polarization and develop a component along the neutron momentum. The result for the rotation angle, 
φ′ = [2.8 ± 4.6(stat.) ± 4.0(sys.)] × 10−5 rad/m is consistent with zero. This result improves the upper 
bounds on the neutron-matter coupling g2

A by about three orders of magnitude for force ranges in the 
mm– μm regime.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The possible existence of new interactions in nature with 
ranges of mesoscopic scale (millimeters to microns), correspond-
ing to exchange boson masses in the 1 meV to 1 eV range and 
with very weak couplings to matter has begun to attract renewed 
scientific attention. Particles which might act as the mediators are 

* Principal corresponding author.
E-mail address: cchaddoc@phi.phys.nagoya-u.ac.jp (C. Haddock).

sometimes referred to generically as WISPs (Weakly-Interacting 
sub-eV Particles) [1,2] in recent theoretical literature. Many theo-
ries 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 
such as axions, arions, familons, and Majorons [3,4]. The well-
known Goldstone theorem in quantum field theory guarantees that 
the spontaneous breaking down of a continuous symmetry at scale 
M leads to a massless pseudoscalar mode with weak couplings to 
massive fermions m of order g = m/M . The mode can then ac-
quire a light mass (thereby becoming a pseudo-Goldstone boson) 

https://doi.org/10.1016/j.physletb.2018.06.066
0370-2693/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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of order mboson = �2/M if there is also an explicit breaking of the 
symmetry at scale � [5]. New axial-vector bosons such as para-
photons [6] and extra Z bosons [7] appear in certain gauge theories 
beyond the Standard Model. Several theoretical attempts to explain 
dark matter and dark energy also produce new weakly-coupled 
long-range interactions. The fact that the dark energy density of 
order (1 meV)4 corresponds to a length scale of ∼100 μm also 
encourages searches for new phenomena on this scale [8].

A general classification of two-body interactions between non-
relativistic massive spin 1/2 fermions from the single exchange of 
a spin 0 or spin 1 boson assuming only rotational invariance [9]
reveals sixteen operator structures involving the spins, momenta, 
interaction range, and various possible couplings of the particles. 
Of these sixteen structures, one is spin-independent, six involve 
the spin of one of the particles, and the remaining nine involve 
both particle spins. Ten of the sixteen depend on the relative mo-
menta 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 astrophys-
ical constraints on exotic spin-dependent couplings [10–12] exist 
from stellar energy-loss arguments, either alone or in combination 
with the very stringent laboratory limits on spin-independent cou-
plings from gravitational experiments [13]. However, a chameleon 
mechanism could in principle invalidate some of these astrophysi-
cal bounds while having a negligible effect in cooler, less dense lab 
environments [14], and the astrophysical bounds do not apply to 
axial-vector couplings [9]. These potential gaps in the astrophysical 
constraints, coupled with the intrinsic value of controlled labora-
tory experiments and the large range of theoretical ideas which 
can generate exotic spin-dependent couplings, has led to a growing 
number of searches for such effects in laboratory experiments [15].

Laboratory constraints on possible new interactions of meso-
scopic range which depend on both the spin and the relative 
momentum are less common, because the polarized electrons or 
nucleons in most experiments employing macroscopic amounts of 
polarized matter typically possess 〈�p〉 = 0 in the lab frame. Some 
limits exist for spin-0 boson exchange [16,17] and spin-1 boson ex-
change [18,13,19]. Spin and velocity-dependent interactions from 
spin-1 boson exchange can be generated by a light vector bo-
son Xμ coupling to a fermion ψ with a functional form of LI =
ψ̄(gV γ μ + g Aγ μγ5)ψ Xμ , where gV and g A are the vector and 
axial couplings. In the nonrelativistic limit, this Lagrangian gives 
rise to two potentials of interest depending on both the spin and 
the relative momentum [20]: one proportional to g2

A �σ · (�v × r̂) and 
another proportional to gV g A �σ · �v . As noted above, many theories 
beyond the Standard Model can give rise to such potentials. For 
example, spontaneous symmetry breaking in the Standard Model 
with two or more Higgs doublets with one doublet responsible for 
generating the up quark masses and the other generating the down 
quark masses can possess an extra U(1) symmetry generator dis-
tinct from those which generate B , L, and weak hypercharge Y . 
The most general U(1) generator in this case is some linear combi-
nation F = aB + bL + cY + dFax of B , L, Y , and an extra axial U(1) 
generator Fax acting on quark and lepton fields, with the values of 
the constants a, b, c, d depending on the details of the theory. The 
new vector boson associated with this axial generator can give rise 
to LI above [21].

Piegsa and Pignol [22] recently reported improved constraints 
on the product of axial vector couplings g2

A . They sought a poten-
tial of the form

V (�r, �v) ≡ V 5 = g2
A

4πm

e−m0r

r

(
1

r
+ 1

λc

)
�σ · (�v × r̂) (1)

and we will refer to this potential as V 5 in this paper. Here m is 
the neutron mass, m0 is the exchange boson mass, and λc = 1/m0

is the Yukawa range given by the Compton wavelength of the ex-
change boson. Polarized slow neutrons which pass near the surface 
of a plane of unpolarized bulk material in the presence of such a 
potential experience a phase shift which was sought in this exper-
iment using Ramsey’s well-known technique of separated oscillat-
ing fields [23].

In this paper we report a more sensitive search for V 5 using 
polarized slow neutron spin rotation. Our idea in this experiment 
was to improve upon the Piegsa and Pignol work by simply in-
creasing the total number of neutrons used to probe the possible 
spin dependent effect and to employ spin rotation as the mea-
surement method rather than Ramsey spectroscopy. Vertically po-
larized neutrons are rotated about the transverse axis and thus 
“tipped” forward or backward under the influence of V 5 for hori-
zontally stacked target masses. Slow neutron polarimetry has been 
used to search for parity violation in neutron spin rotation in 4He 
[24] and to constrain possible exotic parity-odd couplings of the 
neutron [18] and polarized neutron couplings to in-matter gravita-
tional torsion [25,26] and in-matter nonmetricity [27].

2. Spin rotation experiment and apparatus

The experiment was conducted on the FP12 neutron beamline 
at the Los Alamos Neutron Scattering Center [28] at Los Alamos 
National Lab. Bursts of 800 MeV protons from the proton linac 
and storage ring strike a tungsten spallation target at 20 Hz [29], 
thereby producing neutron bursts in 50 msec long frames. A liquid 
hydrogen moderator produces an approximately Maxwellian neu-
tron energy spectrum with an effective temperature of about 40
K and a peak intensity at an energy of 3 meV [30]. The neutrons 
pass down a 17 m long, 9.5 cm×9.5 cm cross sectional area super-
mirror neutron guide with m = 3. The resulting beam divergence 
21 m downstream at the entrance to the experimental cave was 
measured in Ref. [30] and is in agreement with the expected phase 
space acceptance of the guide.

Our apparatus is the neutron equivalent of a crossed polar-
izer/analyzer pair of the type familiar from light optics and is 
schematically pictured in Fig. 1. The design and operation of this 
neutron polarimeter have been discussed in great detail in the lit-
erature [31] so we confine ourselves to a very brief description 
here. Neutrons are polarized using a supermirror neutron polar-
izer and are adiabatically transported by an input coil lined with 
a nonmagnetic supermirror neutron guide. The end of the input 
coil is engineered to produce a nonadiabatic transition for the neu-
tron spin as it is launched into a magnetically shielded region. In 
this low field region, the neutrons interact with a target via V 5
and accumulate a longitudinal polarization component. The neu-
tron polarization is then rotated by π/2 radians by a so-called 
“π/2 coil” so that the polarization component of physical interest 
is captured by a nonadiabatic transition into a horizontal output 
coil field and internal nonmagnetic neutron guide. This output coil 
and guide transports the neutrons to a polarization analyzer, and 
the transmitted neutrons are detected in an ionization chamber 
operated in current mode. The output coil is designed to produce 
a horizontal field at its entrance which rotates to the vertical di-
rection by the end of the coil. This field adiabatically rotates the 
horizontal component of the V 5 rotated spin to the vertical di-
rection so it can be analyzed by the vertical orientation of the 
supermirror analyzer. By flipping the horizontal component of the 
output coil entrance field, we alternately analyze the two compo-
nents of the spin state.

We modified the polarimeter as described in [31], which was 
designed to search for parity-odd rotations of the neutron spin 
about the neutron momentum, to search for neutron spin rotation 
about an axis normal to the neutron momentum. We used m = 2
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Fig. 1. A bird’s eye view schematic of our neutron polarimeter. Neutrons are incident from the left. The vertical septum coincides with the z-axis. The magnetic field 
experienced by neutrons along the flight path is illustrated on the field components themselves, while the neutron’s spin expectation value is depicted in the bottom plot at 
various stages along the polarimeter. A target state is assumed such that the neutron experiences a “forward tilt” due to the exotic potential, indicated by a solid bar, and 
the spin flipper is not energized.

input and output guides constructed from nonmagnetic NiMo/Ti 
multilayers to transport most of the phase space of the neutron 
beam and preserve the neutron polarization. The neutron beam is 
split horizontally in the input guide into two regions by a cen-
tral vertical septum coated on both sides with supermirror so that 
signals from the two halves of the beam can be used to cancel 
common mode systematic effects in the measurement and to make 
the measurement insensitive to possible nonstatistical noise from 
the neutron source. The input and output coils consist of wires 
woven into grooves etched into hollow hexagonal plastic extru-
sions with a rectangular cavity in the center to fit the input guide. 
The locations of the wires were determined by working backwards 
from the magnetic field shape required to realize the adiabatic and 
nonadiabatic neutron spin transitions on either end [32]. Finally 
the magnetic field in the precession coil of the polarimeter was 
operated with a lower current to realize a π/2 precession of the 
neutron spin about a vertical axis rather than a π precession. This 
coil is composed of two rectangular solenoid coils joined together 
using two half-toroid coils on the top and bottom such that the 
field generated when energized is a continuous loop producing op-
posing vertical magnetic fields for the left and right halves of the 
beam. This field precesses the newly accumulated longitudinal spin 
component about the vertical (y) axis from V 5 to along the trans-
verse (x) axis, which is then in the correct position to be analyzed 
downstream by the output guide and coil and the polarization ana-
lyzer. We applied transverse magnetic fields of 10 mG in the target 
region to confirm that the polarimeter and π/2 coil functioned as 
described.

The target design for this experiment, described in detail in 
[33], is also qualitatively different from that used to search for 
parity-odd neutron spin rotation. In order to maximize the to-
tal number of neutron-atom interactions with the target while 
remaining sensitive in the mesoscopic length region of scientific 
interest, we designed a target using multiple flat plates contain-

ing a large mass density gradient across the gaps traversed by the 
polarized neutrons. The test masses were arranged in four quad-
rant regions each containing eight open channels for the neutrons 
separated by two plate thicknesses. The test masses on either side 
of the channels are composed of Cu (NCu = 5.4 × 1024/cm3), and 
float glass (Ngl = 1.6 × 1024/cm3). Test masses with a difference in 
mass density produce a nonzero V 5 between plates. The gaps in 
the quadrants are oriented so that two of the quadrants are sensi-
tive to V 5 and the other two are insensitive. The ion chamber after 
the polarization analyzer possesses a matching set of quadrants, 
each with four charge collection planes along the neutron beam, 
for a total of sixteen independent charge collecting regions. The ion 
chamber was shown to produce a Poisson-like distribution when 
tested at the LENS neutron source at Indiana University by operat-
ing in pulse counting mode. Contributions to the uncertainty above √

N due to current mode operation increased the statistical fluc-
tuation to 1.1

√
N [34]. To reduce possible systematic errors from 

space-dependent nonuniformities in the background magnetic field 
as well as possible differences in target plate properties (flatness, 
thickness, etc.), it was crucial to have a mechanism to rotate the 
target in 90◦ increments to allow neutrons to sample the same re-
gion of space with different plates in the opposite orientation so 
the V 5 rotation would change sign but magnetic rotations would 
not. Furthermore, by reversing the direction of the mass gradient 
from quadrant to quadrant we also reverse the sign of V 5 to allow 
comparison of rotations from different quadrants at taken at the 
same time. A Geneva drive mechanism translated continuous ro-
tation from a rotating cam into an intermittent rotary motion like 
in a mechanical clock and was driven by an air motor located out-
side of the magnetic shielding to minimize stray magnetic fields in 
the target region. The flow was controlled by the Data Acquisition 
System (DAQ) via an analog relay actuated valve. Target state ro-
tations took 2 seconds to complete, and an optical flag confirmed 
that the target reached each desired state.
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3. Data acquisition and apparatus characterization

The current integrator output voltages from each of the six-
teen ion chamber plates given by V (t) = −I0t/C are reset to 0
volts near the end of the neutron frame by sending a pulse to 
the integrator’s reset input. The DAQ controlled the sequencing of 
polarimeter states by energizing the various field producing coils, 
operating the air motor used for target rotation, reading the op-
tical signals to confirm the target state, measuring the neutron 
beam intensity by reading the voltage output from each of the 
sixteen current integrators, and monitoring the internal magnetic 
fields and currents supplied to the coils. We used a National In-
struments PCIe-6363 X Series Multifunction DAQ card installed on 
a PC running Windows 7 with 32 analog input channels, 48 digital 
input/output channels, and 4 analog output channels. The ADC bit 
resolution made a negligible contribution to the signal noise. The 
DAQ was triggered by a pulse received at our flight path whenever 
the LANSCE proton beam struck the spallation source to generate 
neutrons, hereafter referred to as the “T0” pulse.

Residual magnetization in the target plate masses could poten-
tially produce a neutron spin rotation that would mimic or hide 
the effect of the spin dependent interaction of interest. Therefore 
the magnetization was scanned by small fluxgate magnetometers 
both before and after the experiment. We saw no evidence for the 
presence of any residual fields at the 10 μG level at a distance of 
3 mm from the plates. The resulting upper bound on systematic 
errors in our measurement from this effect is below 2 × 10−8 rad.

The efficiencies and the spatial uniformity of the supermir-
ror neutron polarizer and analyzer were measured at the Low 
Energy Neutron Source (LENS) at Indiana University [35,36]. We 
found each device produced P > 0.95 and A > 0.95 over the 
cold neutron spectrum, consistent with simulations and the data 
provided by the manufacturer. The value of the total polarizer-
analyzer product, PA, of our polarimeter as assembled on the 
FP12 beam was measured by applying a uniform horizontal trans-
verse magnetic field in the target region and measuring the count 
rate asymmetry as a function of current in the coil. By locating the 
field which maximizes the asymmetry, we isolate the PA prod-
uct. The proper orientation of the ion chamber quadrants with 
the input/output guides was realized by rotating the cylindrical 
ion chamber about the neutron beam axis and equalizing the sig-
nals from the quadrants. The optimal current for the π/2 coil was 
chosen using a longitudinal solenoid in the target region which 
produced a known field integral and therefore a known transverse 
neutron spin rotation for a given neutron speed. By adjusting the 
current to minimize the measured transverse rotation angle after 
passing through the π/2 coil we found an optimal value for the 
current. Neutrons which are over- or under-rotated at this value 
reduce the efficiency of the polarimeter which is reflected in the 
measured value of the so called “PA product” described in the 
next section.

The magnetic fields of all coils used in the experiment were 
mapped over the volume occupied by the neutron beam to en-
sure proper neutron spin transport. The magnetic field was not 
actively stabilized during data aquisition. Fields inside the target 
region were a few hundred μG. Environmental magnetic field drifts 
at the level of a few μG over the timescales for changes in the 
target and apparatus states. The magnetic shields were typically 
degaussed a few times/day. We employed four functional single-
axis fluxgate magnetometers located several cm above the target 
and neutron beam (one fluxgate stopped working properly during 
the run). Three were located about 10 cm directly above the target 
with orientations alternating along the beam and transverse to the 
beam, and a fourth fluxgate was located downstream from the tar-
get. The fields during a typical run varied by a couple of μG, with 

Table 1
A list of systematic effects in our search for V 5 using a slow neutron polarimeter. 
These estimates all hold for the internal magnetic fields of 2 mG measured in the 
apparatus during the experiment using fluxgate magnetometers. We have included 
all systematic errors associated with analysis after both modes of target cancel-
lation (diagonal averaging followed by 90◦ target rotation). Systematics associated 
with differences in target plate reflectivities and misalignment are defined as “tar-
get variability”. All of the dominant sources of systematic error on this list scale 
with the size of these residual internal fields. Systematic errors due to target mis-
alignment and reflectivity differences are constrained by π/2(0) data.

Source of systematic Uncertainty (rad/m)

Small angle scattering < 4 × 10−6

Diamagnetism < 4 × 10−8

Neutron-atom spin-orbit scattering 1 × 10−8

Target magnetic impurities < 4 × 10−6

Target variability < 4 × 10−5

Electronic crosstalk < 2 × 10−8

Total < 4 × 10−5

slightly larger amplitudes closer to the exit of the magnetic shield 
as one would expect. The fields in all fluxgates averaged over the 
runs used to extract the neutron spin rotation angle were consis-
tent with zero within the 1 μG sensitivity of the fluxgates.

4. Data analysis and results

The data were taken over a series of repeated 32-minute se-
quences, which was the amount of time necessary for the ap-
paratus to change to each unique field and target configuration 
state, while accumulating statistically interpretable data in each 
state. There were six π/2 coil states (+, −, 0, +, −, 0) and eight 
target states (0, 1, 2, 3, 4, 5, 6, 7) where (4, 5, 6, 7) are identical to 
(0, 1, 2, 3). The target was designed such that in any of the four 
possible target states two diagonally opposed quadrants would not 
be sensitive to V 5 while the remaining two would produce V 5
rotations of opposite signs from opposite mass-gradients. Since 
the π/2 coil generates fields of opposing signs in both halves 
of the beam, the rotations from V 5-sensitive quadrants will have 
the same sign after the analyzer. Rotating the target into different 
states reverses the mass gradient and thus the signs of the V 5 ro-
tations in each quadrant without affecting the signs of rotations 
from magnetic fields. In the following treatment we will assume 
uniform background fields. The general case has been treated in 
Ref. [33] where it is shown that the effects of field nonuniformities 
are shown to contribute a systematic error only when target-state 
subtraction is ineffective due to target misalignments or differ-
ences in the reflectivities of the copper or glass target plates. Esti-
mates of these systematics are listed in Table 1.

The rotations in each quadrant (see image of target in Fig. 1: 
A lower right, B lower left, C upper right, D upper left) in terms of 
background transverse magnetic fields, B T

0 , and possible rotations 
from V 5 are given by

φA = φBT
0

(2)

φB = ±φV 5 − φBT
0

(3)

φC = ±φV 5 + φBT
0

(4)

φD = −φBT
0

(5)

The positive and negative signs in Eq. (2)–Eq. (5) describe the 
V 5 rotation in target states (0, 2) and (1, 3), respectively. Therefore, 
we may isolate the contribution to the total spin rotation from V 5
in two ways:

1. Average asymmetries formed in quadrants B and C (V 5 non-
zero) in any target state and average over all target states, i.e.
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2φV 5 = (φB + φC )0

4
− (φB + φC )1

4
(6)

+ (φB + φC )2

4
− (φB + φC )3

4
or

2. Subtract asymmetries formed in the same quadrant but in dif-
ferent target states and then take the average over quadrants, 
i.e.

2φV 5 = (φB0 − φB1)

4
+ (φB2 − φB3)

4
(7)

+ (φC0 − φC1)

4
+ (φC2 − φC3)

4

We found that the results from these two methods were con-
sistent as expected since we use the same steps between the two 
methods just reversed in order. In the data analysis, we use Eq. (7)
to isolate the V 5 rotation. Note that we only need to consider the 
B and C quadrants when isolating the V 5 rotation; however, any 
background fields that remain after the subtraction in Eq. (7) must 
be accounted for in the final result. Such rotations could arise from 
fluctuations in beam intensity and target state-dependent effects. 
The residual rotation φres is given by

2φres = (φA0 − φA1)

4
+ (φA2 − φA3)

4
(8)

+ (φD0 − φD1)

4
+ (φD2 − φD3)

4
.

Therefore, the quantity of interest which fully isolates the effect 
of V 5, φ′ , is computed as

φ′ = φV 5 − φres. (9)

Neutron spin rotations in this measurement are extracted 
from neutron intensity asymmetries. These asymmetries, shown in 
Eq. (10), are formed by comparing intensities of the different out-
put coil states OC ± every 2 seconds as it was important to change 
this state as often as possible to reduce effects primarily from pos-
sible time dependent ambient magnetic fields. The current in the 
π/2 coil cycled from π/2(+) : I = 90 mA to π/2(0) : I = 0 mA
to π/2(−) : I = −90 mA. For each π/2 coil state the output coil 
flipped twenty times. Changing the π/2(±) current simply reverse 
the sign of all measured spin rotation angles so that averaging over 
these states can reduce systematic effects from possible nonunifor-
mities in the π/2 coil magnetic field.

To form the asymmetry from the neutron intensity measure-
ments, we first convert the charge integrated over one T0 pulse 
to the number of incident neutrons using the known number of 
ion pairs per neutron and the charge to voltage ratio for each col-
lection plate deduced by sending in known currents to the plates 
directly [37]. An asymmetry is computed at the end of 40 T0

pulses, or 2 seconds. After ten asymmetries are formed in each 
π/2 coil state an average asymmetry is computed where the error 
is given as the deviation from the mean of the number of incident 
neutrons. The neutron counts were normalized by the proton beam 
current in each pulse to eliminate any effects from slow drifts in 
the beam intensity. The normalization adds a negligible contribu-
tion to our statistical uncertainty. The expression for the total spin 
rotation angle φ measured in each quadrant is given in terms of 
the measured asymmetry, AL , as

AL = PAsin(φ) = N+ − N−

N+ + N− (10)

↔ φ � 1

PA
N+ − N−

N+ + N− (11)

Fig. 2. 26 production runs averaged over π/2 coil states and subtracted to isolate 
quadrant-dependent physics. The weighted mean for this set is φ̄′ = (1.4 ± 2.3) ×
10−5 rad with χ2/NDF = 0.7. The vertical errors include any deviations from the 
mean of the number of incident neutrons. The dashed line is at zero across the 
whole range.

Once an asymmetry is formed in the analysis it must be divided 
by the corresponding quadrant-dependent PA product, whose er-
ror makes a negligible contribution to our overall measured un-
certainty. For each experimental run a value of φ′

V and its error 
is extracted for each π/2 coil state in the four quadrants, a total 
of twelve values for each run. A total of 26 runs were combined 
to produce Fig. 2. Using the data points and their errors we find 
the weighted mean φ̄′ equal to (2.8 ± 4.6) × 10−5 rad/m. The tar-
get state and quadrant subtraction reduction scheme reduces the 
size of the raw spin rotation angles from residual internal mag-
netic fields by a factor of ∼ 103.

5. Systematic effects

Table 1 shows our estimates for the sizes of the various forms 
of systematic error for our target design and experimental upper 
bounds. The great majority of the systematic effects, whose vari-
ous sources are described in detail in Ref. [33], are associated with 
residual magnetic fields coupled with various types of apparatus or 
beam nonuniformities. The dominant term in Table 1 comes from 
measurements using data taken with the π/2(0) data combined 
with our knowledge of the internal magnetic field in the apparatus, 
which we measured continuously using fluxgate magnetometers.

The π/2(0) states do not project rotations about the transverse 
axis onto the x − y plane and therefore asymmetries formed in this 
state are not sensitive to systematic effects from rotations about 
transverse fields in the target region. However, they do serve as a 
check on the size of systematic effects from rotations about longi-
tudinal fields throughout the low-field region. When in the π/2(1)

(π -coil on) states only the portion of longitudinal fields in the 
short distance between the π -coil and output coil cause rotations 
that are analyzed by the polarimeter. Since the ratio of distance af-
ter the π -coil to the total length of the low-field region is about a 
factor of 0.25, we can scale the [−4.0 ±2.8(stat)] ×10−5 rad/m re-
sult from the π/2(0) data down by a factor of four for the π/2(1)

case. This places an experimental upper limit on systematic errors 
from rotations about longitudinal fields while in the π/2(1) states 
of 1 × 10−5 rad/m.

The largest sources of systematic errors described in Ref. [33]
are due to target magnetic impurities, target misalignments and 
differences in target-plate reflectivities, which cause an incomplete 
subtraction of magnetic field rotations after the cancellation proce-
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dures described above. The first does not scale with ambient field, 
while the others do and thus are expected to be larger given the 
difference between the fields assumed in the estimates of Ref. [33]
an the fields measured in our apparatus. As already described, the 
π/2(0) data place a limit on the longitudinal portion of the sum of 
the latter two systematic effects. Fluxgate and field map measure-
ments suggest that transverse fields are of roughly the same size or 
smaller than the longitudinal fields. Given the 3 times longer dis-
tance before the π/2-coil, we estimate that the systematics from 
the transverse-field portion is 3 times larger than the longitudinal 
portion. This leads to an experimental upper limit for the system-
atic errors due to target misalignment and reflectivity differences 
of 4 × 10−5 rad/m. This is the dominant source of systematic error 
in the measurement.

Table 1 lists our estimates for the other sources of systematic 
error not constrained by the π/2(0) data. To scale the systemat-
ics described in Ref. [33] for the case of the actual experiment, we 
need to know the size of the magnetic field within the target re-
gion. For this purpose we used magnetic field measurements from 
fluxgates placed within the magnetic shielding and just above the 
target. We also used our simulations combined with field maps 
of the apparatus to determine expected rotation values from mag-
netic field distributions and compare them with the observed raw 
spin rotation angles. The simulations propagate the spins through 
the field maps of residual fields from the input and output coils, 
the target region, and the π/2-coil. Both methods indicate the 
presence of internal magnetic fields of about 2 mG in the target re-
gion. This relatively large internal magnetic field was due to space 
constraints on the FP12 beamline which precluded the use of the 
full complement of magnetic shielding of the apparatus and can 
therefore be greatly improved in future work. The measured size of 
this upper bound is slightly better than the somewhat pessimistic 
estimates presented in Ref. [33] if the latter are scaled up to re-
flect the magnetic fields in the target region measured during the 
experiment.

Given the various subtractions discussed here and in Ref. [33]
which eliminate systematic effects from neutron cross talk be-
tween quadrants, the dominant systematic error arises from tar-
get misalignment and reflectivity differences in the target plates, 
which has an upper limit of 4 × 10−5 rad/m. This result is derived 
from a combination of the π/2(0) data, fluxgate measurements, 
and Monte Carlo simulations.

It is important to make sure that there is no false systematic 
effect from crosstalk of signals in the data acquisition system. The 
size of these voltage fluctuations were investigated directly dur-
ing the LANSCE run by closing the neutron shutter and running 
the DAQ as if it was taking production data. This includes rotating 
the target, flipping field producing coils, etc. These runs were in-
terleaved with the production data runs and saw no effect at the 
10−8 level. Further, type 1 ceramic capacitors were used to store 
the integrated charge which have a very low temperature coeffi-
cient < 1 × 10−4/K. Therefore in our experimental area which was 
temperature controlled to within 2K/day, asymmetries acquired on 
the time scale of 1 s resulting from the temperature dependence 
of the capacitance amount to < 2 × 10−9 × V max where V max is 
the max voltage of the preamp over an output coil flip, which is 
negligible compared to our asymmetry signal.

6. Constraints on g2
A

To determine the sensitivity of the apparatus to V 5 we con-
ducted a Monte Carlo simulation which integrated the expression 
in Eq. (1) over the geometry of the target using the neutron energy 
spectrum on FP12 at LANSCE to give the relationship between the 
parameters in V 5 and the spin rotation angle φ. As discussed in 

Fig. 3. g2
A as a function of λc from our experiment (dashed-blue) compared with 

constraints from a neutron measurement using Ramsey spectroscopy (a) [22] and 
from K–3He comagnetometry (b) [38]. The final g2

A limit includes both statistical 
and systematic uncertainties. (For interpretation of the colors in the figure(s), the 
reader is referred to the web version of this article.)

Ref. [33] the Monte Carlo simulations of the sensitivity to g2
A agree 

with an analytic expression assuming infinitely thick slabs for 
small Yukawa length scales but are nearly a factor of 10 less sen-
sitive at λc = 3 mm due to the finite thickness of the slabs. From 
the measured asymmetry φ′ = [2.8 ± 4.6(stat.) ± 4.0(sys.)] × 10−5

rad/m, which is consistent with zero, we derived an exclusion plot 
in the g2

A , λc parameter space shown in Fig. 3. This constraint 
improves on the previous upper bounds on g2

A by 2–4 orders of 
magnitude for λc between 1 cm and 1 μm.

7. Conclusion

We looked for a spin-dependent interaction between polarized 
neutrons and matter from an exotic light vector boson Xμ coupling 
to a fermion ψ with form LI = ψ̄(gV γ μ + g Aγ μγ5)ψ Xμ , where 
gV and g A are the vector and axial couplings and λc = 1/mB is the 
interaction range from a boson exchange of mass mB . Our result of 
φ′

V 5
= [2.8 ± 4.6(stat.) ± 4.0(sys.)] × 10−5 rad/m is consistent with 

zero. We interpret this result as setting an upper bound to the 
strength and range of V 5. For Yukawa ranges between 1 cm and 
1 μm our limits are more stringent than the previous measurement 
by about a factor of 1000.

Prospects for future improvement in the sensitivity of a V 5
search are excellent. The data analyzed in this paper correspond 
to about one week of real-time running at LANSCE FP12. The in-
tensity of cold neutron beams such as the NG-C beam at NIST and 
the PF1b beam at ILL is higher by about two orders of magnitude. 
Combined with a longer running time and the use of a denser 
target material such as tungsten in place of the copper used in 
this work, one can envision a further improvement in the statis-
tical sensitivity to a V 5 potential in future measurements of more 
than two orders of magnitude assuming that there are no limita-
tions from unanticipated systematic errors. The internal magnetic 
fields (∼mG) which determined the size of the systematic error 
can be reduced by at least three orders of magnitude to be negli-
gible compared to the statistical error. Such an experiment would 
probe neutron axial couplings to matter through an exotic spin 1 
boson exchange which are about 13 orders of magnitude weaker 
than electromagnetism.
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