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We report on a newmeasurement of the neutron�-asymmetry parameterAwith the instrument PERKEOII.

The main enhancements are the high neutron polarization of P ¼ 99:7ð1Þ% from a novel arrangement of

supermirror polarizers and reduced background from improvements in beam line and shielding. The

leading corrections were thus reduced by a factor of 4, pushing them below the level of statistical error and

resulting in a significant reduction of systematic uncertainty compared to our previous experiments. We

derive the �-asymmetry parameter A0 ¼ �0:11972ð45Þstatðþ32
�44Þsys ¼ �0:11972ðþ53

�65Þ and the ratio of the

axial vector to the vector coupling constant � ¼ gA=gV ¼ �1:2761ð12Þstatðþ9
�12Þsys ¼ �1:2761ðþ14�17Þ.
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The standard model of weak interactions describes the
�� decay of the free neutron n ! pþ eþ ��e as a V � A
(vector minus axial vector) interaction. Compared to
leptonic decays, it implements two new parameters Vud

and �. The up-down matrix element Vud of the Cabibbo-
Kobayashi-Maskawa matrix accounts for quark mixing.
It relates the vector coupling constant for quarks to that
for leptons gV ¼ GFVud, where GF is the Fermi constant
measured in muon decay [1]. The axial current is renor-
malized by the strong interaction at low energy. This is
quantified by the parameter � ¼ gA=gV , the ratio of the
axial vector and vector coupling constants. If the weak
interaction is invariant under time reversal, the parameter
� is real. Searches for time reversal violation can be found
in Refs. [2,3].

The neutron’s lifetime � is related to the parameters �
and Vud and to the available phase space via

��1 ¼ CjVudj2ð1þ 3�2ÞfRð1þ �RÞ; (1)

where C ¼ G2
Fm

5
e=ð2�3Þ ¼ 1:1613� 10�4 s�1 in @ ¼

c ¼ 1 units. The phase space factor fR [4,5] includes the
model-independent radiative correction. The model-
dependent radiative correction �R is taken from Ref. [6].
Thus, � can be used to determine either Vud or �. The
standard model requests that the Cabibbo-Kobayashi-
Maskawa matrix is unitary, a condition which is experi-
mentally tested at the 10�4 level for the first row [7], and
unitary tests are sensitive tools for searches for physics
beyond the standard model. Previous determinations of
Vud and Vus raised questions about the unitarity [8–10].
References [11–13] list further motivations to determine �
and to search for new symmetry concepts in neutron beta
decay. In principle, the ratio � can be determined from
QCD lattice gauge theory calculations, but the results vary
by up to 30% [11]. The most precise experimental

determination is from the � asymmetry in neutron decay,
but previous experimental results are not consistent within
their uncertainties [1].
In neutron decay, the probability that an electron is

emitted with angle # with respect to the neutron spin
polarization vector P ¼ h�i=� is [14]

Wð#Þ ¼ 1þ v

c
PA cosð#Þ; (2)

where v is the electron velocity. A is the parity violating
�-asymmetry parameter which depends on �. Accounting
for order 1%corrections forweakmagnetismA�m,gV � gA
interference, and nucleon recoil, A in Eq. (2) reads [4]

A ¼ A0½1þ A�mðA1W0 þ A2W þ A3=WÞ�; (3)

with total electron energy W ¼ Ee=mec
2 þ 1 (end point

W0). The coefficients A�m,A1,A2, andA3 are fromRef. [4],

accounting for a different � convention. For � real, A0 is
given by

A0 ¼ �2
�ð�þ 1Þ
1þ 3�2

: (4)

An additional small radiative correction [15] of order 0.1%
[16] must be applied.
In this Letter, we present a new value for � derived from

a measurement of the � asymmetry A with the instrument
PERKEO II with strongly reduced systematic corrections and

uncertainty. It was installed at the PF1B neutron beam
position of the Institut Laue-Langevin (ILL) using a highly
polarized cold neutron beam. The antineutrino-asymmetry
parameter B [17] (see also Ref. [18]) and the proton-
asymmetry parameter C [19] have been measured at this
beam with the same instrument. Neutrons moderated by a
cold source were guided via a neutron guide [20,21] to the
experiment and were polarized using two supermirror (SM)
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bender polarizers in crossed (X-SM) geometry [22]. An
adiabatic fast passage flipper allowed us to invert the
neutron spin direction. After a series of baffles for beam
shaping, the transversally polarized neutron beam trav-
ersed the PERKEO II spectrometer and was absorbed in a
beam dump. Two beam line shutters, in front and behind
the baffles, served to gain information on background
[9,23]. The main component of the PERKEO II spectrometer
is a split-pair superconducting 1 T magnet providing
2� 2� electron guidance from the fiducial volume
to either one of two plastic scintillators with size
440� 160 mm2 (see Fig. 2 of Ref. [24]). Details on the
spectrometer and electron backscatter suppression can be
found in Refs. [9,23].

From the measured electron spectra N"
iðEeÞ and N#

iðEeÞ
in detector i ¼ 1, 2 for neutron spin up and down, respec-
tively, we define the experimental asymmetry as a function
of electron kinetic energy Ee as

Aexp;iðEeÞ ¼ N"
iðEeÞ � N#

iðEeÞ
N"

iðEeÞ þ N#
iðEeÞ

: (5)

With Eq. (2) and hcosð#Þi ¼ 1=2, Aexp is directly related to

the asymmetry parameter A:

AexpðEeÞ ¼ 1

2

v

c
APf; (6)

with neutron polarization P and spin flip efficiency f.
The main experimental errors of this measurement are

due to statistics, detector response, neutron spin polariza-
tion, and background subtraction; see Table I. The fourfold
intensity of the PF1B beam compared to the previous
PF1 beam is used to reduce both statistical and systematic
uncertainties.

Polarization.—The X-SM geometry [22] efficiently
suppresses garland reflections, resulting in a nearly
wavelength- and angle-independent beam polarization.
This dramatically reduces systematic uncertainties for
determining the average beam polarization. Polarization
measurements were performed employing time of flight
behind a chopper to gain wavelength resolution. A second
adiabatic fast passage flipper and two Schärpf polarizers
[25,26] in X-SM geometry as analyzers were used to
measure the spin flip efficiency and for a rough determi-
nation of the beam polarization. Measurements in front of
and behind the PERKEO II spectrometer yielded consistent
results. The absolute polarization was determined using a
series of opaque 3He spin filter cells of different pressures
and lengths, covering the wavelength range from 2 to 20 Å;
see Fig. 1. Cells with both orientations of the 3He spin were
used to increase sensitivity [27]. The wavelength averages
were calculated taking into account the decay probability
which is proportional to the capture spectrum. The spatial
dependence was found to be negligible by measurements
at five different positions across the neutron beam. The
resulting averages were P ¼ 99:7ð1Þ% and f ¼ 100:0ð1Þ%
(compared to P ¼ 98:9ð3Þ% and f ¼ 99:7ð1Þ% in the
previous measurement [9]). The stated errors stem from
the conservatively rounded up uncertainties due to statis-
tics, wavelength, and spatial averaging. Note that opaque
3He spin filters have an intrinsic accuracy of better than
10�4 for polarization analysis [28]. We do not use the
additional information from the physical boundary f � 1
to reduce the uncertainty of the spin flip efficiency.
This would introduce a bias of the order of the uncertainty,
but our uncertainty is conservative, and independent
measurements [28] with identical flippers indicate that
j1� fj< 10�4.
Background.—The magnetic field of PERKEO II collects

all electrons from the decay volume (100�80�270mm3)
and thus assures a high signal-to-background ratio,TABLE I. Summary of corrections and uncertainties relative to

the beta asymmetry A0, �A0=A0.

Type

Correction

(10�3)

Uncertainty

(10�3)

Neutron polarization 3.0 1.0

Spin flip efficiency 0.0 1.0

Background 1.0 1.0

Detector response 0.0 2.5

Edge effecta (�1:6) 0.5

Electron backscattering (detectors) 0.25 0.04

Electron backscattering (baffles) 0.0 þ0:6, �0:0
Magnetic mirror effect 0.6 0.2

Dead timeb (�1:2) 0.1

Radiative correction �1:1 0.5

Systematics (total) 0.95 þ3:6, �2:7
Statistics 3.8

aIncluded in the fit function.
bMeasured by the data acquisition system and accounted for in
the data set.
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FIG. 1 (color online). Neutron polarization in the center of the
PERKEO II beam. The 3He cells had lengths of 25 or 10 cm. In the

legend, the effective pressures for a 10 cm cell are given.
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together with thin plastic scintillators (5 mm thickness).
Environmental background was reduced by lead and iron
shielding and measured with the first beam line shutter
closed. It was not constant in time due to shutter operations
of neighboring instruments. Changes were monitored by
NaI scintillators placed outside the PERKEO II shielding,
and shutter operations were registered. For the analysis,
only data sets with constant environmental background
were used. This reduces the data set to 5:9� 107 neutron
decay events and increases the statistical error to 3:8�
10�3 (compared to 2:6� 10�3 in the preliminary analysis
of Refs. [11,29]; all errors and corrections quoted in units
of 10�3 are relative to A0). The trigger rate of 500 s�1

comprises about 120 s�1 from environmental background,
compared to 375 s�1 electrons from neutron decay.
The signal-to-background ratio in the fit region was
better than 8:1.

Beam-related background is more difficult to address.
In the PERKEO II spectrometer, the � detectors are far off
the beam at a transverse distance of 960 mm. The beam
line was optimized to place the last beam-defining baffle
further away from the spectrometer than in our previous
measurement [9]. The beam stop was positioned 4 m
downstream of the decay volume. The baffles and beam
stop were made from enriched 6LiF ceramics with lead
backings. The supports and beam line were protected
against scattered neutrons by 6LiF rubber or boron glass.
Halo baffles (not touching the beam) absorbed scattered
neutrons close to the beam. Lead shielding was placed
around the spectrometer to assure that gamma rays are
scattered at least twice before they can reach a detector.
Fast neutrons produced by (t, n) reactions in 6LiF (about
10�4 per capture [30]) were shielded by borated polyeth-
ylene (or, inside the beam stop vacuum, Plexiglas sur-
rounded by borated glass) and secondary gammas by
lead. The beam-related background was estimated from
measurements with the two shutters using an extrapolation
procedure described in Ref. [24] and confirmed by addi-
tional tests with external background sources and a modi-
fied beam stop. Compared to the previous measurement [9]
of 1=200, it was reduced to 1=1700 of the electron rate
in the fit region, which corresponds to 0:11ð2Þ s�1 (see
Fig. 2), resulting in a correction of 1ð1Þ � 10�3. We con-
sider the uncertainty of 100% of this correction as a
conservative estimate for the extrapolation method.

Detector response.—The plastic scintillators were read
out by four photomultipliers per detector. Signals were
integrated by charge-to-digital converters over a time
interval that includes signals from backscattering. Trigger
time differences between the detectors were registered to
identify the detector that triggered first in the case of
backscattering. The detector response function was deter-
mined and the detector stability checked regularly using
four monoenergetic conversion electron sources (109Cd,
113Sn, 207Bi, and 137Cs) on 10 �g=cm2 carbon backings.

The branching ratios of the conversion and Auger elec-
trons, measured using the method described in Ref. [31],
were accounted for in the fit functions. Drift in the detector
gain was smaller than 1% and corrected for. The detectors
showed a small nonlinearity at low energy. In the fit region
for the asymmetry parameter A, the effects of the nonline-
arity were negligible. The largest systematic uncertainty
is caused by the spatial nonuniformity of the detector
response. The light collection efficiency from the center
of the scintillator was about 5% lower than from the ends.
This spatial dependence was mapped using a 207Bi cali-
bration source and was found to follow the expected cosh
dependence. The detector calibration, needed for the fit
to the asymmetry parameter A of Eq. (6) and Fig. 4, was
obtained by a fit to the spectrum (N" � N#) (see Fig. 3),

FIG. 2 (color online). Difference of the spectra with the second
beam line shutter closed and with the first beam line shutter
closed, a measure for the background produced by the collima-
tion system. The main part of the background is low energetic.

FIG. 3 (color online). Neutron �� spectra after adding or
subtracting opposite neutron spin orientations N" and N# for
detector 1 and detector 2, respectively. The solid curves show fits
in the indicated ranges, and the dotted curves show their extra-
polations. The spectra (N" � N#) are intrinsically free of (spin-
independent) background.
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which is background free. A fit to (N" þ N#) would yield a
different calibration, resulting in a significant dependence
of the asymmetry A on the lower limit of the fit region
for detector 2. This might be caused by limited knowledge
of low-energy background in the fit region to (N" þ N#);
see also Fig. 2. The uncertainty due to the detector response
given in Table I accounts for spatial dependence, nonline-
arity, and uncertainty of calibration with the spectrum
(N" � N#).

Edge effect.—The length of the decay volume is defined
by electron absorbing aluminum baffles. The effective
length depends on the radius of gyration. The resulting
correction can be calculated from the energy and angular
distribution of the electrons and is included in the fit
function. The uncertainty accounts for imperfect absorp-
tion and uncertainties in the geometry.

Backscattering from detectors and baffles.—By using
the second detector as a veto detector and analyzing events
with energies below the trigger threshold on one detector
[32], the fraction of wrongly attributed electrons in the fit
region was deduced to be 1:3ð3Þ � 10�4 per detector,
corresponding to a correction of 0:25ð4Þ � 10�3 compared
to 2:0ð1:7Þ � 10�3 in the previous experiment [9]. If the
electron absorbing aluminum baffles for the two detectors
are not well aligned, backscattered electrons can reach the
wrong detector. Monte Carlo simulations using GEANT4

[33] show that this effect is smaller than 0:6� 10�3

(68% C.L.) and would only decrease the absolute value
of the measured asymmetry.

Mirror effect.—Electrons can be reflected on an incre-
asing magnetic field, leading to detection in the wrong
detector. This magnetic mirror effect, due to a small dis-
placement between the neutron beam and the maximum of
the magnetic field, caused a difference of 1.4% between the
asymmetries measured in the two detectors. Most of this
effect cancels by averaging the two detectors. The remain-
ing correction due to the spatial extension of the neutron
beam was calculated from the measured magnetic field
geometry and neutron beam profile.

The experimental function Aexp;iðEeÞ and a fit with a

single free parameter � are shown in Fig. 4 for both
detectors. The fit interval was chosen such as to minimize
effects due to the nonlinearity of the detector and unrecog-
nized background. The results were independent of the
particular choice of the fit interval and stable over time.
From the experimental asymmetries, we get jA0j ¼
0:11846ð64Þstat for detector 1 and jA0j ¼ 0:12008ð64Þstat
for detector 2. All subsequent corrections and uncertainties
entering the determination of A0 are listed in Table I. After
averaging and correcting for those small and mostly
experimental systematic effects, we obtain

A0 ¼ �0:11972ð45Þstatðþ32
�44Þsys ¼ �0:11972ðþ53

�65Þ and

� ¼ �1:2761ð12Þstatðþ9
�12Þsys ¼ �1:2761ðþ14

�17Þ: (7)

This value is consistent with our earlier result A0 ¼
�0:1187ð7Þ [9,23], where we now correct a sign error in
the application of radiative corrections to the beta asym-
metry. The combined results of all PERKEO II measure-
ments of the beta asymmetry are

A0 ¼ �0:119 26ð31Þstatðþ36
�42Þsys ¼ �0:119 26ðþ47

�53Þ and

� ¼ �1:2748ð8Þstatðþ10
�11Þsys ¼ �1:2748ðþ13

�14Þ: (8)

The average Eq. (8) accounts for correlations of systematic
errors in the experiments. Conservatively, errors concern-
ing detector calibration and uniformity, background deter-
mination, edge effect, and the radiative correction were
considered correlated on the level of the smallest error of
all three experiments.
Other experiments [34–36] gave significantly lower val-

ues for j�j. However, in these experiments, large correc-
tions of 15% to 30% had to be applied for neutron
polarization, magnetic mirror effects, solid angle, or back-
ground. In our present experiment, all individual correc-
tions are below 3� 10�3, and the sum of their absolute
values is below 1%. We therefore use only the value given
in Eq. (8) for further discussion. The determination of
� ¼ �1:2756ð30Þ by the UCNA Collaboration [37] is in
agreement with this result.
Assuming the V � A structure of the standard model, the

neutron lifetime �n can be determined using the F t value
from nuclear beta decay

�n ¼ 2

ln2

F t

fRð1þ 3�2Þ : (9)

Using fR ¼ 1:71385ð34Þ [5], F t ¼ 3071:81ð83Þ [7], and
our result [Eq. (8)], we obtain

�n ¼ 880:2ðþ1:5
�1:6Þ s: (10)

FIG. 4 (color online). Fit to the experimental asymmetry Aexp

for detector 1 (�2=dof ¼ 64=83) and detector 2 (�2=dof ¼
82=81), with solid and dotted curves as in Fig. 3.
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This result is in agreement with and nearly as precise as the
current world average �n ¼ 880:1ð1:1Þ s [1] that includes a
scale factor of 1.8.
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