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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. A parity-odd interaction between polarized nucleons
and unpolarized matter proportional to gy ga5'- p'is one such possibility, where 5'and p'are the spin
and the momentum of the polarized nucleon, and gy and g4 are the vector and axial vector couplings
of an interaction induced by the exchange of a new light vector boson. We report a new experimen-
tal upper bound on such possible long-range parity-odd interactions of the neutron with nucleons
and electrons from a recent search for parity violation in neutron spin rotation in liquid * He. Our
constraint on the product of vector and axial vector couplings of a possible new light vector boson
is gv g% < 1073 for an interaction range of Im. This upper bound is more than seven orders of
magnitude more stringent than the existing laboratory constraints for interaction ranges below 1m,
corresponding to a broad range of vector boson masses above 10~° eV. More sensitive searches for
a gvgi coupling could be performed using neutron spin rotation measurements in heavy nuclei or
through analysis of experiments conducted to search for nucleon-nucleon weak interactions and nu-

clear anapole moments.

PACS numbers: 13.88.+e, 13.75.Cs, 14.20.Dh, 14.70.Pw
INTRODUCTION

The possible existence of new interactions of nature
with ranges of mesoscopic scale (millimeters to microns)
and very weak couplings to matter has been mentioned
occasionally in the past [1, 2] and has recently begun to
attract more scientific attention. Particles which might
transmit such interactions are starting to be referred to
generically as WISPs (Weakly-Interacting sub-eV Par-
ticles) [3] in recent theoretical literature. Many theo-
ries beyond the Standard Model possess extended sym-
metries which, when broken at a high energy scale,
lead to weakly-coupled light particles with relatively
long-range interactions, such as axions, familons, and
Majorons [4]. 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)* corresponds to a
length scale of 100 ;m also encourages searches for new
phenomena around this scale [5].

Experimental constraints on possible new interactions
of mesoscopic range which depend on the spin of one
or both of the particles are much less stringent than
those for spin-independent interactions [6]. A gen-
eral classification of interactions between nonrelativistic
fermions assuming only rotational invariance [7] uncov-
ered 16 different operator structures involving the spins,
momenta, interaction range, and various possible cou-
plings 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 these 16 possible interactions depend on
the relative momenta of the particles.

In particular, there are very few laboratory constraints
on possible new interactions of mesoscopic range which
depend on both the spin and the relative momentum,
since the polarized electrons or nucleons in most exper-
iments employing macroscopic amounts of polarized
matter typically possess (7) = 0 in the lab frame. Such
interactions can be generated by a light vector boson X,
coupling to a fermion v with an interaction of the form
Lr = (gv* + gay"ys)¥ X, where gy and g4 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 mo-
mentum [8]: one proportional to g% &- (7' #) and another
proportional to gy gad - U. As noted above many theo-
ries beyond the Standard Model can give rise to such in-
teractions. For example, spontaneous symmetry break-
ing in the Standard Model with two or more Higgs dou-
blets with one doublet responsible for generating the up
quark masses and the other generating the down quark
masses can possess an extra U(l) symmetry generator
distinct from those which generate B, L, and weak hy-
percharge Y. The most general U(1) generator in this
case is some linear combination F' = aB+bL+cY +dF,,
of B, L, Y, and an extra axial U(1) generator Fy, act-
ing on quark and lepton fields, with the values of the
constants a, b, ¢, d depending on the details of the theory.
The new vector boson associated with this axial genera-
tor can give rise to L; above [9].

Neutrons have recently been used with success to



tightly constrain possible weakly coupled interactions
of mesoscopic range [10]. A polarized beam of slow neu-
trons can have a long mean free path in matter and is a
good choice for such an experimental search [11]. Piegsa
and Pignol [12] recently reported improved constraints
on the product of axial vector couplings ¢% in this in-
teraction. Polarized slow neutrons which pass near the
surface of a plane of unpolarized bulk material in the
presence of such an interaction experience a phase shift
which can be sought using Ramsey’s well-known tech-
nique of separated oscillating fields [13].

In this paper we report a new constraint on gy ¢%. In
the nonrelativistic limit £ gives rise to the potential:
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where A = 1/mx is the interaction range, mx is the
mass of the vector boson, § = ¢/2 is the spin of the po-
larized particle, and r is the distance between the two
interacting particles.To derive our constraint we take
advantage of the fact that a term in the neutron in-
teraction potential proportional to & - ¥ violates parity
and therefore causes a rotation of the plane of polariza-
tion of a transversely polarized slow neutron beam as
it moves through matter. This phenomenon is known
as neutron optical activity in analogy with the well-
known corresponding phenomenon of optical activity of
transversely polarized light as it moves through a chi-
ral medium. The parity-violating (PV) interaction be-
tween the neutrons and the medium causes the ampli-
tudes of the positive and negative neutron helicity states
of polarized neutrons to accumulate different phases as
they pass through the medium. The difference ¢py be-
tween the phase shifts of the two neutron helicities upon
motion through the medium leads to a rotation of the
neutron polarization vector about its momentum, which
manifestly violates parity [14]. Parity-odd neutron spin
rotation has been observed in heavy nuclei [15-17]. The
rotation angle per unit length d¢py /dL of a neutron of
wave vector k,, in a medium of density p is d¢py /dL =
drpfpy /kn, where fpy is the forward limit of the parity-
odd p-wave scattering amplitude. Because fpy is pro-
portional to the parity-odd correlation &, - k, with &,
the neutron spin vector, d¢py /dL is constant as k,, — 0
in the absence of resonances [18]. For the spin-velocity
interaction described by Eqn.(1) one can apply the Born
approximation to derive the relation between fpy and
the parameters of the potential, and the spin rotation an-
gle per unit length can be expressed directly in terms of
the vector and axial vector couplings, the range of the
interaction, and the number density:
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EXPERIMENTAL TECHNIQUE, MEASUREMENT, AND
RESULTS

An experiment to search for parity-odd neutron spin
rotation in liquid “He was performed at the NG-6
slow neutron beamline at the National Institute of Stan-
dards and Technology (NIST) Center for Neutron Re-
search [19]. The apparatus shown in Figure 1 must
distinguish small PV rotations from rotations that arise
from residual magnetic fields. ¢py is isolated by al-
ternately moving the liquid in front of and behind a
neutron spin precession coil (called the m-coil in the
figure) and measuring the change in the spin rotation
angle using the neutron equivalent of a crossed polar-
izer/analyzer pair familiar from light optics. Neutrons
polarized along ¢ enter a central precession coil with an
internal magnetic field along ¢ ( from the 7-coil) which
precesses any spin component along +2 to —z. With the
m-coil turned on, the contribution to the total rotation
angle coming from parity violation in the liquid changes
sign as the liquid is moved from the upstream target
chamber to the downstream target chamber. To further
suppress systematic uncertainties and noise, the beam
and apparatus are split into right and left halves, and the
targets are filled so that the liquid occupies the chamber
downstream of the 7-coil on one half of the beam and
the chamber upstream of the 7-coil on the other half of
the beam. The PV components of the neutron spin rota-
tion angle from the liquid target therefore possess oppo-
site signs on each side of the beam, and the difference
of the two rotation angles is insensitive to both static
residual magnetic fields and any common-mode time-
dependent magnetic field integrals seen by the neutrons
along their trajectories in the target. The experiment, ap-
paratus, and analysis of systematic errors has been de-
scribed in detail elsewhere [20-24].

The measured upper bound on the parity-odd neu-
tron spin rotation angle per unit length in liquid *He at
a temperature of 4K from this experiment is d¢py /dL =
+1.7 £ 9.1(stat.) £ 1.4(sys) x 10~ "rad/m. We can de-
rive a limit on gy ¢4 directly from Eqn.(2) until the in-
teraction range becomes comparable to the size of the
target medium: in this regime we must perform a nu-
merical integration to relate the spin rotation angle to
the parameters of the potential for our experimental ge-
ometry. Each of the four internal target chambers hold-
ing the liquid helium in the experiment had dimensions
40 cmx 2.5 cm x 5 cm and the transversely polarized
neutron beam of size 2 cm x 5 cm uniformly illumi-
nates the targets. The 1 m target region length sets
an upper bound on the interaction range we are sensi-
tive to. Our constraint on the product gy g, shown as
the solid line in Figure 2, ranges from gy g% < 10732
at Im to gy g’ < 10722 at 1 micron. The correspond-
ing range of vector boson masses varies from 1075 to
107! eV. This upper bound is more than 7 orders of
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FIG. 1: Overview of the apparatus used to measure parity-odd neutron spin rotation in liquid helium.

magnitude more stringent at a distance of 1m than the
best existing laboratory constraint, which comes from
an atomic physics measurement using a polarized K-
3He co-magnetometer technique [25]. The grey region
in the figure shows the new combinations of coupling
strength and range ruled out by this work down to a
distance of 1 micron: at smaller distances the constraint
continues to follow Eqn.(2) to arbitrarily small distances.
Since neutron spin rotation involves the real part of the
coherent forward scattering amplitude the vector cou-
pling gv = 24}, + 2g} + 2¢{, constrained in this exper-
iment applies to an equal number of protons, neutrons,
and electrons.
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FIG. 2: Upper bounds on the product of couplings gy g for
a possible long-range parity-odd interaction of the neutron
with nucleons and electrons. The regions excluded by lab-
oratory experiments for ranges between 1 micron and 1 me-
ter are shown: constraints at shorter distances follow Eqn.(2)

The dashed line comes from [25]. The light grey region
above the solid line shows the new regions excluded by this
work. The vector coupling constrained by this measurement
applies to an equal number of protons, neutrons, and elec-
trons: gv = 2¢}, + 2gv + 29V,

A background in this measurement can in principle
come from quark-quark weak interactions present in the
Standard Model, which induce weak interactions be-
tween nucleons that violate parity. It is not yet pos-
sible to calculate the Standard Model contribution to
parity-odd neutron spin rotation in this system given
our inability to deal with the strongly interacting limit
of QCD, and indeed the weak interaction between nu-
cleons remains one of the most poorly-understood as-
pects of low energy weak interaction physics. One can
roughly estimate the expected size of NN weak inter-
action amplitudes relative to strong interaction ampli-
tudes to be of order 107 to 10~ for energies far below
the electroweak scale [26]. The best existing estimate of
d¢py /dL in n-*He from Standard Model weak interac-
tions was derived using existing measurements of nu-
clear parity violation in a model [27] which subsumes
many poorly-understood short-range strong NN inter-
action effects in nuclei by expressing parity-odd am-
plitudes in terms of isoscalar (X,, + X,) and isovector
(X — X)) one-body effective potentials. In this model
n-*He spin rotation is directly related to X,,. Existing
measurements [28] and theoretical calculations [29] for
parity violation in ®F constrain X,, — X,,, and measure-
ments in odd-proton systems such as p-*He [30, 31] and
19F [32] constrain X,. The resulting prediction for n-*He
spin rotation is d¢py /dL = (—6.5 + 2.2) x 10~7 rad/m.
Our experimental upper bound is larger than this esti-
mate of the Standard Model background and we there-
fore ignore the unlikely possibility of a cancellation be-
tween this contribution and that from the term of inter-
est in this work.

CONCLUSION

Slow neutron spin rotation is a very sensitive tech-
nique to search for possible exotic long-range neutron
interactions which violate parity. By analyzing our re-
cent upper bound on neutron spin rotation in liquid
4He [21], we derive an upper bound on the product



of couplings gy ¢g’; from any new long-range parity-odd
interaction mediated by vector boson exchange. This
constraint is more than 7 orders of magnitude more
stringent than the current existing laboratory constraints
over several decades of length scales below 1m.

It is interesting to consider how these constraints
might be improved in a dedicated experiment. It is
difficult to improve the constraint on gy g’} by repeat-
ing the helium spin rotation measurement with greater
accuracy due to the Standard Model background dis-
cussed above expected from quark-quark weak interac-
tions. Another Standard Model background from the
parity-odd neutron-electron interaction also exists, but
is suppressed compared to neutron-nucleon parity vio-
lation by a factor of 1 — 4sin? fy & 0.1 and can be calcu-
lated to high accuracy. On the other hand this constraint
from the isoscalar “He nucleus is blind to possible vector
couplings proportional to isospin which appear in some
models. One could consider a measurement of neu-
tron spin rotation using a target of much higher nucleon
density with nonzero isospin and long mean free path.
Better limits on gy ¢’ using polarized neutrons might
also come from a measurement in progress of neutron-
proton parity violation through a search for the parity-
odd gamma asymmetry in polarized slow neutron cap-
ture on protons by the NPDGamma collaboration [33].
To high accuracy this asymmetry is dominated by a sin-
gle weak nucleon-nucleon amplitude involving pion ex-
change [34-38], and both previous theoretical and ex-
perimental work along with recent calculations in lat-
tice gauge theory [39] indicate that Standard Model par-
ity violation might be suppressed in this system. Pre-
vious analysis of the comparison between the measure-
ment of the weak charge of the *3*Cs atom and the Stan-
dard Model prediction [40] placed tight constraints on
9179%- We expect that constraints on gy g’} could be de-
rived from an analysis of existing measurements of par-
ity violation in atoms sensitive to the nuclear anapole
moment, which comes from parity violating interactions
between nucleons [41, 42].
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