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1. Introduction

Neutron is a neutral hadron with the lifetime in the macroscopic range. Large number of
neutrons can be decelerated down to the cold region such as 10 meV or less. Such slow neutrons
can be applied in the precision measurement of the small influence of physics beyond the standard
model of elementary particles. The instantaneously luminous cold neutrons from the spallation
neutron source at the Japan Proton Accelerator Research Complex (J-PARC) enables us to carry out
new types of high precision measurements. The beam port BLO5 of the Material and Life-science
research Facility (MLF) of the J-PARC accommodates the neutron beamline “Neutron Optics and
Physics (NOP)” [M]. The cold neutrons from the coupled moderator are transported to instruments
through supermirror guides and benders. A supermirror is a multilayer of two different materials
stacked on a substrate, which provides additional reflectivity beyond the critical angle of the total
reflection of the material due to the neutron interference in the multilayer. The configuration of
the NOP beamline is shown in Fig. . The recommissioning of the NOP beamline is in progress
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Figure 1: Schematic view of the configuration of the NOP beamline for the study of neutron optics and
fundamental physics at the beam port BLOS [[].

following the recovery of the beam delivery after the shutdowns of the J-PARC accelerator in 2011
and 2013. We describe the NOP beam line and introduce the experimental activities.

2. Neutron Lifetime

The neutron lifetime 7, is an input parameter to the primordial nucleosynthesis. The accuracy
AT, ~ 1 s or better is desired for refining the consistency with the observation of the anisotropy of
the cosmic microwave background [B].

The best accuracy was achieved in the measurement of the decrease rate of ultracold neutrons
gravitationally confined in a bottle with almost prefect reflectivity [H]. The accuracy was improved
by suppressing the neutron leakage due to the up-scattering of neutrons on the inner surface of
the bottle by lowering the bottle temperature. The improved value largely deviated from other
experimental values and the world average has been changed from 7, = (885.7 £ 0.8) s [H] to
T, = (880.1 £ 1.1) s [B]. The systematic error of this type of experiments is dominated by the
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uncertainty in the correction of the imperfect confinement. A new confinement method using the
combination of the inhomogeneous magnetic field and the gravity is being developed to avoid the
complexity of the total reflection on material surfaces [O].

On the other hand, the 7, has been also obtained by measuring the decay rate of cold neutrons
in flight. The best accuracy in the in-flight geometry was achieved by counting the number of
protons accumulated in a Penning-trap through which the cold neutron beam was transmitting [B].
The result was 7, = (886.3 + 1.2[stat] £ 3.2[syst]) s, which is still deviated from the results of
confined method. More measurements using different methods are awaited to clarify the value and
the experimental accuracy of neutron lifetime.

Another type of in-beam experiment was last reported in 1989 [H]. Both the production rate
of electrons from the 3-decay of neutrons and that of neutron-induced protons via *He(n, p) were
measured by a time-projection chamber (TPC) in which *He gas was diluted. Assuming the cross
section of *He(n, p) reaction is proportional to the neutron velocity, the lifetime was obtained as

1 Sn/€n

T = X )
p(*He)oovo ~ Sp/ep
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where p (*He) is the number density of *He atoms, oy the absorption cross section via the *He(n, p)
reaction for neutrons with the velocity of vy, S, and Sg the counting rates of neutron-induced pro-
tons and neutron-decay electrons and g, and &g the detection efficiencies of them, respectively.
Monochromatic neutron bunches were introduced to the TPC for the suppression of neutron-
induced background radiations. However, the number of introduced neutrons was strongly limited
because the monochromatic neutron bunches were produced by the combination of the mechanical
chopper and the crystal diffraction applied to the reactor-based continuous neutron beam. Conse-
quently, the accuracy was statistically limited as 17, = (878 4-27]stat] + 14[syst]) s.

The statistics of this type of measurement can be remarkably improved since the simple chop-
ping is sufficient to produce monochromatic neutron bunches from the pulsed neutrons of which
velocity is well-resolved as a function of the time-of-flight (TOF). A new type of the beam switch-
ing optics using the combination of spin-selective mirrors and spin-flipping electromagnets was
developed for the fast chopping of neutrons synchronizing to the neutron TOF [[]. A TPC was
developed by employing low background polymers [[l]. We expect that the lifetime measurement
will be commissioned in 2014 and the data acquisition will be carried out in 2015.

3. CP-violation

3.1 Electric Dipole Moment

In the slow neutron experiment, the CP-violation is studied by searching for T-odd correlation
terms, which are equivalent to the CP-violation via CPT theorem. The electric dipole moment
(EDM) of the neutron is most commonly searched for. Its present upper limit 2.9 x 1072%¢ cm
(C.L.90%) was obtained in the precision measurement of the dependence of the spin precession fre-
quency of spin polarized ultracold neutrons confined in a material bottle under an electric field [[2].
The estimated value in the standard model is at the level of 103! — 10~32¢ c¢cm, which is orders of
magnitude below the present experimental sensitivity. Improvement of the experimental sensitivity
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is strongly desired for the discovery of a clue to new physics beyond the standard model [[3]. The
statistical accuracy can be written as

_ hj2
QET/N’

where E is the electric field, T the interaction time between neutrons and the electric field, N the

Ad, (3.1

number of neutrons and & the quality factor including neutron spin polarization and experimental
completeness. Although the larger confinement volume naturally increases the neutron number
N, it practically increases systematic errors due to the precision of the controlling the magnetic
field, electric field etc. Thus the increase of the neutron density is being attempted by introducing
accelerator-based ultracold neutron sources and improved ultracold neutron transport optics. A
new type of transport optics for pulsed ultracold neutron source is being developed for focusing
the arrival time at remote storage volume by accelerating/decelerating neutrons as a function of
neutron time-of-flight [[4].

The interaction time 7' was about 10? s and the applied electric field of £ = 10° V m~! was
chosen to suppress the influence of the magnetic field induced by the leakage current in the material
bottle. Recent EDM measurements with confined ultracold neutrons were carried out with the value
of ET ~103 Vsm™'.

Historically, the EDM measurement was started in the in-flight geometry [[3]. A possibility
to improve the EDM sensitivity of in-flight experiment is being discussed assuming to employ the
intense pulsed cold neutrons from spallation sources and improved optics to transport polarized
cold neutrons as long as 50 m or longer [I].

Application of the electric field in single crystals is another possibility as studied in 1960s [[2].
The forward neutron scattering amplitude can be written as
0-q

)
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(Z—F(q)) (3.2)
where ¢q is the momentum transfer, k the incident momentum, o the unit vector parallel to neutron
spin, fy the nuclear scattering length, Z the atomic number, F(q) the atomic form factor, p, the
neutron magnetic moment and d,, the neutron EDM. The second and third terms corresponds to the
magnetic and electric scattering. The neutron spin rotation about the g signals the EDM. Improved
sensitivity can be expected if we choose a diffraction of a single crystal which shows a large value
of (Z—F(q)) [IB, @M]. The neutron are diffracted in the thermal or cold region, which limits the
interaction time 7 at the level of 1073 s. The short interaction time can be compensated by the
large effective electric field corresponding to the electric scattering as large as 10'! V. m~!, which
results in the value of ET ~ 108 Vsm™!.

The experimental accuracy of the neutron EDM in the single crystal diffraction is dominated
by the quality of the single crystal. The quality measurement is being prepared with the single
crystal of bismuth germinate at J-PARC/MLF.

3.2 T-odd Correlation in Compound Nuclei

Neutron-induced compound nuclear states are observed as resolved resonances as narrow as
0.1 eV in the total cross section of neutrons incident to nuclei in the incident energy region of about
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10! < E, < 10 eV. Most of the resonances are s-wave resonances with the cross section of about
kilobarns and small p-wave resonances are also observed with the cross section of about barns.
Large parity-violating effects are observed in the resonance cross section about the helicity of
incident neutrons [O]. The largest helicity dependence amounts to a few percent of the total cross
section, which corresponds to the enhancement of 10° compared with the helicity dependence in
nucleon-nucleon total cross section. The enhancement is explained as the interference between
s-wave and p-wave neutron partial waves in the entrance channel to the compound state.

The enhancement mechanism may be applicable to T-violating effect as pointed out in Ref. [[ZT].
The forward scattering amplitude of neutrons with spin-polarized nuclear target is given

f=A+B(c-1)+C(c-k)+D(c-(kxI)), (3.3)

where I is the spin of the target nucleus. The last term is odd under the time-reversal operation.
The behavior of the neutron spin on transmission through a thick target can be described in the
neutron optical formalism, in which the final state interaction can be ignored, as

) inb
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¢ = ZF, (3.4)
where U; and Uy are the initial and final spin state, z the spatial coordinate along the beam axis and

sinb sinb
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p the number density of target nuclei. Therefore the non-zero value of the T-odd correlation term
in finite thickness target unambiguously signals the T-violation.

The T-violation can be enhanced as a result of the interference between partial waves with dif-
ferent channel spins. The comparison of the value of the T-odd correlation term and the EDM value
is being discussed based on the effective field theory [P2]. Present upper limit of the EDM roughly
corresponds to the T-violating cross section of about 10~!° b in effective nucleon interaction, which
may be enhanced up to 10~* b assuming the enhancement of 10°. The effect is sufficiently large to
be detected using the intense epithermal neutrons from the present spallation sources.

The detailed information of the mixing of partial waves in the entrance channel necessary to
estimate the T-violation enhancement factor can be obtained in the angular distribution of individual
Y-ray transitions if both the spin of compound state and that of the final state are known [3].
Measurement of the y-ray angular distribution is in progress at the ANNRI (Accurate Neutron-
Nucleus Reaction measurement Instrument) installed at the beam port BL04 of the J-PARC/MLF.

4. Discussion and Summary

The improvement of experimental sensitivity using neutrons to new physics beyond the stan-
dard model is newly enabled by the combination of the instantaneously luminous pulsed neutron
beam and the advances in neutron optics.

One of further possibilities is the search for new forces using neutrons. The scattering cross
section of unpolarized neutron by atoms can be described as

do
95 = o+ aneZF,(0) +agFg(0)|*
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~ a3 +2a0a,.ZF,(0) +a2,Z*F,(0)* + 2apacFs(0), (4.1)

where a is the nuclear scattering length, a,. the electron-neutron scattering length, F,(6) the
atomic form factor. The ag represents the scattering length via an unknown weak interaction and
F5(0) the form factor. New force beyond the standard model can be searched for the precision
measurement of the angular distribution in the scattering cross section if both the nuclear scattering
length and the electron-neutron form factor is well known. It can be also searched for by applying
the neutron interferometry to measure the phase difference between neutron paths passing through
different potentials due to new forces. The technology of multilayer neutron interferometry has
been remarkably improved [Z4]. Modification of the multilayer interferometer is in progress for
accepting pulsed neutrons by employing supermirrors to configure the interferometer.

The cold neutron beam delivery is expected to be restarted in 2014. The researches in the
neutron fundamental physics will be also restarted soon after the beamline recommissioning.
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