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In the standard model of particle physics, the weak interaction is described by vector and axial-vector
couplings only. Nonzero scalar or tensor interactions would imply an additional contribution to the
differential decay rate of the neutron, the Fierz interference term. We derive a limit on this hypothetical term
from a measurement using spin-polarized neutrons. This method is statistically less sensitive than the
determination from the spectral shape but features much cleaner systematics. We obtain a limit of b ¼
0.017ð21Þ at 68.27% C.L., improving the previous best limit from neutron decay by a factor of four.
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Precision measurements of β decays play an important
role in understanding the nature of weak interaction and the
standard model of particle physics. Neutron beta decay
provides a set of observables, including the lifetime τn,
decay spectra, and angular correlations. These are used to
determine couplings and the Cabibbo-Kobayashi-Maskawa
matrix element Vud within the standard model, as well as to
perform searches for novel scalar and tensor couplings. For
a beam of polarized neutrons, the differential decay rate is
described by [1]
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with momenta of the electron pe and the neutrino pν, their
energies Ee and Eν, the neutron spin σn, the phase space
density ρðEeÞ, and the decay parameters a, b, A, B, and D.
Within the standard model, the correlation coefficients a, A,
and B depend solely on the ratio of axial-vector and vector
coupling constants, λ ¼ gA=gV, and the T-violating para-
meter D is related to the phase of λ. The beta asymmetry
parameter A quantifies the parity-violating beta asymmetry
and is most sensitive to jλj. Neglecting order 1% correc-
tions and assuming λ real, the asymmetry A is given by [2]

A0 ¼ −2
λðλþ 1Þ
1þ 3λ2

: ð2Þ

A has been measured with high accuracy in [3–5].

The shape of the electron spectrum given by the phase
space density is independent of whether the weak inter-
action is generated by vector and axial-vector couplings
(V − A) or scalar and tensor couplings (S − T) [6].
However, in case of hypothetical scalar or tensor couplings
in addition to the V − A interaction of the standard model,
the beta spectrum would be modified by the Fierz inter-
ference term b as follows:

b ≃
gSgV þ 3gAgT

g2V þ g2S þ 3ðg2A þ g2TÞ
≃ 2

gS þ 3λgT
1þ 3λ2

; ð3Þ

with coupling constants gV;A;S;T . Such a contribution would
change the overall decay probability of unpolarized neu-
trons according to Eq. (1) and also change the measured
values X̃ of many of the correlation coefficients X (see also
Refs. [7,8]) as follows:

X̃ ¼ X ·
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: ð4Þ

Combining several measured correlation coefficients
allows one to simultaneously determine λ and place limits
on scalar and tensor couplings. Alternatively, limits on left-
handed tensor interactions can also be obtained by combin-
ing the measured beta asymmetry parameter with the
stringent limits on scalar interactions from superallowed
beta decays [9], see Refs. [5,10]. For recent reviews,
surveys, and limits on couplings beyond the standard
model, see Refs. [8,11–19]. A large Fierz term of
Oð10−2Þ would be required by the proposed dark decay
to explain discrepancies in neutron lifetime measurements
using different methods [20].
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In order to put a direct constraint on the Fierz inter-
ference term b from a single measurement, either the
spectral shape of the beta spectrum from unpolarized
neutrons or the asymmetry spectrum corresponding to
one of the correlation coefficients needs to be analyzed.
A first analysis of the unpolarized beta spectrum has been
published in [21]. Currently, this type of analysis is clearly
limited by detector systematics. However, the same prin-
ciple will be utilized with upcoming measurements to be
performed by Nab [22–24], NoMoS [25,26], and PERC

[27–29].
In this Letter, we present for the first time an analysis of

the experimental beta asymmetry spectrum to derive a limit
on the Fierz interference term. While this method provides
a smaller statistical sensitivity reduced by about an order of
magnitude compared to a limit from the beta spectrum
directly [30], detector and background systematics are
strongly suppressed. This leads to an improved limit on
the Fierz term derived from the largest available dataset in
neutron beta decay obtained by the instrument PERKEO III

of 6 × 108 decay events. The result is purely limited by
statistics.
The analysis presented herein extends the results of [5] to

a correlated analysis in A and b. For a description of the
experimental setup, see [5,31,32], which include a sche-
matic of the spectrometer.
PERKEO III was installed at the PF1B cold neutron beam

facility at the Institut Laue-Langevin, which offers a
neutron capture flux density of Φ ¼ 2 × 1010 s−1 cm−2

[33]. The neutron beam is limited in wavelength to 5 Å
with about 10% FWHM by means of a Dornier velocity
selector. A bender type supermirror polarizer [34] is used to
select neutrons with a certain spin direction that can be
reversed with an adiabatic fast passage spin flipper [35].
After the flipper, the neutron beam passes a collimation
system consisting of five 6LiF apertures, which limit the
cross section and divergence of the neutron beam. A
rotating disc chopper is mounted directly in front of the
spectrometer to create a pulsed neutron beam [31]. During
the measurement, two different chopper frequencies (94
and 83 Hz) have been used.
The core component of the spectrometer is an 8 m long,

normal conducting magnet system that surrounds the
vacuum vessel. The central part of the spectrometer features
a nearly homogeneous magnetic field with a maximum of
Bmax ¼ 152.7 mT and a length of 2.7 m. This part acts as
the central decay volume in which the charged decay
particles from neutron decay are collected by the magnetic
field. The charged decay particles are separated from the
neutron beam by curved magnetic field sections and are
guided to the two detectors. The remaining neutron beam is
dumped into a 10B4C beam stop.
The electron detectors consist of Bicron BC-400

plastic scintillators, each read out on two sides by a total
of six fine-mesh photomultipliers of type Hamamatsu

R5504/R5924. The photomultipliers are connected to the
scintillator via acrylic light guides. The scintillators have a
thickness of 5 mm, which allows full energy deposition of
electrons up to an energy of 1.0 MeV at normal incidence
and minimum sensitivity to γ rays. The active area of the
detectors is 43 × 45 cm2.
In order to monitor and calibrate the detectors, multiple

electron conversion sources (139Ce, 113Sn, 137Cs, 207Bi) are
installed inside the decay volume of PERKEO III. These
provide five calibration peaks covering an energy range
from 0.1 to 1 MeV. The sources are deposited on ultrathin
carbon foils with a thickness of about 100 nm. They are
mounted on a mechanical apparatus in the central volume,
allowing one to move the sources in two dimensions to
measure the detector responses and to map out their
uniformity.
The data used in this analysis is a subset of the data used

in Ref. [5]. It consists of four datasets, each representing
one chopper frequency and the detector that triggered first.
About 20% of the data have been excluded due to missing
corresponding measurements of the detector uniformity.
These data are needed to calculate potentially substantial
systematic corrections to this correlated analysis with a
potentially large impact on the analysis of b. In total, about
4.8 × 108 decay events are included in the analysis.
Neglecting quadratic contributions of scalar and tensor

interactions to the beta asymmetry parameter A, the basic
expression that is used in this analysis is the experimental
asymmetry spectrum

AexpðEeÞ ¼
N↑ðEeÞ − N↓ðEeÞ
N↑ðEeÞ þ N↓ðEeÞ

¼ vðEeÞAðλÞPnM
2cð1þ b me

Ee
Þ ; ð5Þ

with λ and b as free parameters and with the electron
velocity vðEeÞ, the average neutron beam polarization
Pn ¼ hσni=σn, and the correction M to account for the
magnetic mirror effect due to the shape of the magnetic
field (see below). The arrows ↑↓ indicate the neutron spin
direction. The factor 1=2 stems from the integration of the
angular cosine distribution. The full fit function contains
theoretical corrections to account for proton recoil, weak
magnetism, and radiative corrections [2,36]. These are
functions of λ and the electron energy Ee. In order to
facilitate comparison and use in new physics searches, we
provide results in terms of AðλÞ instead of λ.
The factors Pn and M represent the dominant exper-

imental corrections to the measurement of the beta asym-
metry and have been analyzed separately in order to ensure
a blinded analysis [5]. They scale the amplitude of the
experimental beta asymmetry and thus the result for A,
whereas b is only affected due to the corresponding change
in the theoretical corrections and correlations between the
parameters.
On top of the underlying fit function, a semianalytical

model of the detector response is applied to account for
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relevant effects. These include nonlinearity effects in the
scintillator and electronics, broadening of the signal due to
photoelectron conversion inside the photomultipliers, and
the photomultiplier gain process and electronic noise in the
data acquisition system, as well as the mapping of the signal
amplitude to channels of the analog-to-digital converter.
The free parameters of the detector response model are

determined using a simultaneous fit to measured calibration
spectra. The quality of the fits can be seen in Fig. 1 for one
out of 114 calibration sets obtained within the 60 days of
measurement. The plastic scintillators of PERKEO III have a
low sensitivity for γ radiation, and the solid angle for γ
radiation from the sources onto the detectors is negli-
gibly small.
Leading systematic effects are related to the detector

response: the nonlinear detector response function, temper-
ature stability, uniformity, and electron backscattering. The
resulting corrections and uncertainties are uncorrelated and
small compared to the statistical uncertainties. This allows
for separate treatment of the individual systematic effects.
The corresponding uncertainties are extracted as a covari-
ance matrix that is diagonal with respect to the dominant
systematic shift observed in A and b. This allows one to
also account for the correlation induced by systematic
effects. The different relevant systematic effects are dis-
cussed below; the respective corrections and uncertainties
are summarized in Table I.
Nonlinearity.—The response of the detectors is not linear

with respect to the energy of the detected electrons. One

FIG. 1. Example of measured calibration spectra and the simultaneous fit performed to extract the free parameters of the detector
response model. The dashed vertical lines indicate the fit regions. The spectra are practically free of γ background from the sources. The
discrepancies at low energy outside the fit range mostly stem from uncertainties in the exact shape of the trigger function. We only show
every other data point to improve the presentation.

TABLE I. Summary of corrections and uncertainties (in paren-
theses) to A and b. In contrast to Ref. [5], we provide the
magnitude of the corrections, not fractional ones. Corrections that
contribute only on the 10−5 level are omitted. One of the fit
parameters is actually λ, not A, but we list corrections on A for
comparability with earlier measurements.

Effect on A and b

Correction

on A
ð10−4Þ

on b
ð10−3Þ

Neutron beam
Polarization and −11.4ð0.9Þ a 0.5(0.6) a

Spin-flip efficiency
Background

Time variation 0.02(0.12) 0.04(0.24)
Chopper 0.09(0.22) 0.5(0.4)

Electrons
Magnetic mirror effect 0 − 6.4ð0.6Þ a 1.0(0.4) a

Undetected backscattering 3.7(1.1) −6.4ð1.9Þ
Electron detector

Temporal stability (0.6) a (1.2) a

Nonuniformity 0.6(0.7) −1.1ð1.3Þ
Nonlinearity 0.8(1.0) −0.8ð1.6Þ

Theory
Radiative corrections −1.0ð0.3Þ a 3.5(0.5) a

Total systematics −12.8ð2.1Þ −6.1ð3.2Þ
Statistical uncertainty (14.4) (20.4)

Total (14.6) (20.6)
aAlready included in the fit shown in Fig. 2; measured by the data
acquisition system or included in the fit function.
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contribution to the nonlinearity is caused by saturation
effects in the light generation inside the scintillator, which
is empirically described by the Birks model [37] using the
quenching parameter kB. Recent measurements for similar
scintillator materials yield kB ¼ 100–150 nm=keV [38],
which we confirmed for our scintillator by independent test
measurements using Compton recoil electrons from γ
radiation [39]. Another contribution to the nonlinearity
arises from bandwidth limitations in the electronics used.
Although studied in off-line measurements, the determi-
nation of the exact contribution of the electronics to the
detector nonlinearity would require a full reproduction of
the original detector setup. Instead, the analysis is done
with three different models to describe the overall non-
linearity of the detector response and with and without the
calibration point at 1 MeV. The free parameters of these
models are obtained from fits to spectra from calibration
sources. A pure Birks model to describe the combined
nonlinearity of scintillator and electronics leads to kB ≃
400 nm=keV dependent on the dataset. The maximum
difference between the results of the three methods is taken
as systematic uncertainty.
Stability.—The gain of the detector varies over time,

mainly due to fluctuations in the temperature. This effect
can be as large as 2% between day and night. The detector
gain has been monitored hourly using a single calibration
source, and the signal amplitudes have been renormalized
in the data reduction process by interpolating between these
hourly measurements. With this method, the detector gain
is effectively stabilized on the 10−3 level. However, the
remaining fluctuations still contribute one of the dominant
systematic uncertainties related to the detector response.
Detector Uniformity.—The detector response varies

spatially due to the variation in photon transport efficiency
inside the scintillator. This leads to a relative deviation from
uniformity by less than �2.5% over the area covered by
decay electrons. The spatial response of the detectors was
mapped weekly using a single calibration source at differ-
ent positions. The difference in detector coverage between
calibration measurements and measurements of the beta
asymmetry leads to a small change in the effective signal
response for the two types of measurements. This includes
the dependence of the magnetic point spread of electrons on
the beta asymmetry itself [40,41]. In order to account for
these differences, the corresponding spectral corrections are
calculated using photon transport simulations performed
with GEANT4 [42], which are matched to the measured
spatial detector response. The consistent characterization of
the detector without resorting to beta decay data is a major
improvement of this measurement.
Undetected Backscattering.—The symmetric design of

PERKEO III with two detectors connected by the magnetic
field enables reconstruction of the full electron energy even
if electrons are backscattered from the scintillator, as
both detectors are always read out simultaneously. This

backscattering occurs with a probability of about 11% [43]
and is suppressed by reflections at the magnetic field to 6%
of events where the electron reaches the opposite detector
(see also [44]). Because of the finite trigger threshold with
an efficiency of 50% at channel ≈5.5 (corresponding to
≈30 keV), the energy deposited in the first detector in rare
cases is not sufficient to trigger the electronics, and the
wrong emission direction and energy are assigned to the
event. This changes the asymmetry and the shape of the
measured asymmetries AexpðEeÞ for both detectors. An
energy-dependent correction for undetected backscattering
is included in the analysis, which is calculated based on
backscattering simulations performed with GEANT4 [42]
and verified against measured data. Details on undetected
backscattering in PERKEO III can be found in [43].
Background.—The pulsed beam allows one to select

events according to their neutron time of flight from the
chopper within the spectrometer. The time window is
chosen such that the neutron pulse is fully contained in
the central decay volume, without any contact to material,
and all decay electrons are guided to one of the detectors.
After the neutron pulse is absorbed by the beamstop,
another time window is used to extract the background.
This way signal and background are measured during every
chopper cycle with the chopper being closed. In addition to
the electron detectors, NaI γ detectors have been used to
investigate the time dependence of the ambient background
and that created by the chopper disc. Both effects have been
found to be on the 10−5 and 10−4 level for A and b,
respectively. The effect of the background subtraction can
be seen in Fig. 2 of Ref. [5]. In Table I, we separately list
contributions by the (non)uniformity of the chopper disc

FIG. 2. Fit to the data at the chopper frequency of 83 Hz
measured by the downstream detector. The fit includes theoretical
corrections as well as the full model of the detector response.
Corrections for detector nonuniformity and undetected back-
scattering are not included. The data is rebinned by a factor of
2 for presentation. The fit range is indicated by the dashed
vertical lines.
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and potential variation in time within the background time
window.
Figure 2 shows a fit to one of the four datasets. As was

the case already with the single parameter fits in Ref. [5],
the fit quality is excellent for all individual datasets. The
energy range of the fit was extended to 197–694 keV
compared to [5] to optimize the total error of this two-
parameter fit (λ and b). The results of all datasets are
consistent with statistical fluctuations. We obtain a com-
bined result of

A ¼ −0.1209ð14Þstatð2Þsys ¼ −0.1209ð15Þ;
b ¼ 0.017ð20Þstatð3Þsys ¼ 0.017ð21Þ;

ρA;b ¼ −0.985; ð6Þ

with one sigma errors ðΔχ2 ¼ 1Þ and where ρA;b is the off-
diagonal element of the correlation matrix. The fit result for
λ corresponding to A is λ ¼ −1.2792ð60Þ. This result
includes the systematic corrections that are summarized
in Table I and the propagated statistical uncertainties of the
free parameters of the detector response model as obtained
from the calibration analysis. However, these contributions
on the 10−5 and 10−4 level for A and b, respectively, are
negligible. Figure 3 compares the error ellipses resulting
from statistical and systematic uncertainties, where
statistical uncertainties are dominating.
Assuming the standard model with b≡ 0, we obtain

from our correlated result in Eq. (6)

A ¼ −0.11972ð25Þ; λ ¼ −1.27607ð68Þ; ð7Þ

in agreement with our analysis within the standard model in
Ref. [5], which we recommend if scalar and tensor
interactions are assumed to be absent. The 90% confidence
region corresponding to the Fierz result in Eq. (6) is

−0.018 ≤ b ≤ 0.052: ð8Þ

To date this is the most precise limit on b obtained from a
single measurement in neutron decay.
In conclusion, we have demonstrated the extraction of

limits on the Fierz interference term from a measurement of
beta asymmetry spectra in polarized neutron decay. In
contrast to a more direct determination from the spectrum
in unpolarized neutron decay, this method profits from
much better controlled systematics and is limited by
available statistics. Next generation instruments like
PERC [27,28] will allow the measurement of decay corre-
lations with strongly improved statistical uncertainties. The
correlated analysis of A and b in these measurements will
become even more important and serve as valuable input to
derive limits on scalar and tensor couplings from beta decay
data [8].
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Note added.—Meanwhile, Ref. [45] presents a similar
analysis by the UCNA collaboration and extends the
analysis of the beta spectrum from unpolarized neutron
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