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The Nab experiment: A precision measurement of unpolarized
neutron beta decay
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Abstract. Neutron beta decay is one of the most fundamental processes in nuclear physics and provides
sensitive means to uncover the details of the weak interaction. Neutron beta decay can evaluate the ratio
of axial-vector to vector coupling constants in the standard model, . = g4/gy, through multiple decay
correlations. The Nab experiment will carry out measurements of the electron-neutrino correlation parameter
a with a precision of 8a/a = 10~* and the Fierz interference term b to §b = 3 x 1073 in unpolarized free
neutron beta decay. These results, along with a more precise measurement of the neutron lifetime, aim to
deliver an independent determination of the ratio A with a precision of dA/A = 0.03% that will allow an
evaluation of V,, and sensitively test CKM unitarity, independent of nuclear models. Nab utilizes a novel,
long asymmetric spectrometer that guides the decay electron and proton to two large area silicon detectors in
order to precisely determine the electron energy and an estimation of the proton momentum from the proton
time of flight. The Nab spectrometer is being commissioned at the Fundamental Neutron Physics Beamline
at the Spallation Neutron Source at Oak Ridge National Lab. We present an overview of the Nab experiment
and recent updates on the spectrometer, analysis, and systematic effects.

1. Introduction and motivation differential neutron decay rate parametrized by correlation
. coefficients a, b, A, B, D etc. as

Free neutron decay is one of the most fundamental and dw > -

. . . 2 Pe * Dv
simplest weak interaction processes and serves as an ——————— X peE(Ey — E.) é[l—i—a
illuminating tool to test our understanding of the Standard dEedS2edS2, EcE,
Model (SM). Much theoretical work has been done on e Pe Py Pe X Dy
neutron beta decay and its sensitivity to physics beyond the + bf +(Gn) - (AE +B T +D EE) ] (1)
SM [1]. To leading order, Jackson et al. [2] describes the ¢ ¢ v ey

where pe, py, E., and E, are the momenta and energy

@ e-mail: jaf2qc@virginia.edu of the decay electron and neutrino and Ej is the endpoint
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energy of the electron spectrum. In the SM, & = GEV2A(1 +
3|A|%), where Gp is the Fermi constant, V,q is the first
diagonal term in the CKM matrix, and X is the ratio
of the axial vector to vector coupling constants, A =
ga/gv. Lastly, o, is the neutron spin and the correlation
coefficients a, b, A, B, and D are to be determined from
experiment. In the Nab experiment, we study unpolarized
neutron beta decay, which can access the coefficients a
and b. All the correlation coefficients other than b depend
on A, specifically the electron-neutrino coefficient a =
(1 — |k|2)/(1 + 3|2|%). In the SM, the Fierz interference
term is defined as b = 0 and a non-zero determination
of b is sensitive to scalar and tensor non-SM processes,
competitive with muon decay and LHC [3].

The total neutron decay rate w or the neutron
lifetime t,, depends on Vy,4 and XA, as w=1/1, x
|Vua|*GE(1 + 3|A[%). Over the last few years, efforts of the
UCNA and PERKEO II groups have measured the beta
asymmetry A = —2|A|(]A| + D/(1 + 3|A1?) and found
A = —1.2772(20) and —1.2761(*7), respectively [4,5],
which is in some tension with the previous experiments [6].
The PERKEO III experiment announced preliminary
results at this conference with an error of AA/A =
0.06%, and the final results has been published in
the meantime [7]. The future polarized experiments
PERC [8] and UCNA+ (an upgrade of [4]), as well
as a polarized version of Nab, aim to improve the
precision of A. Independent extractions of A from different
correlation coefficients offer a different set of systematic
uncertainties and consistency checks and are necessary
to entangle V4 from the neutron lifetime. Measurements
of the neutron lifetime in the beam [9] and bottle
method [10-15] produce a 30 discrepancy. Both methods
are pursuing higher precision measurements to resolve
this discrepancy. Additionally, the recent updated universal
radiative correction AX [16] shifts V,q extracted from
0t — 0% decays [17] downward from 0.97417(21) to
0.97366(15), a 40 deviation from CKM unitarity [18].
Extracting V,4 from the neutron lifetime and neutron beta
decay correlations is important as neutron beta decay
carries no nuclear structure uncertainties. The neutron
sector must measure the neutron lifetime to ~ 0.3's and
A to ~3x 107* to competitively test the most precise
determination of Vg from 07 — 07 decays [17].

The Nab experiment aims for a high precision
measurement of a with an expected error of Aa/a ~
1 x 1073 or AA/A ~3x 107%, about a factor of 40
more precise than the most precise extractions to date
[19-21] and a factor of 9 more precise than the preliminary
results of the aSPECT experiment announced at this
conference [7].

2. Measurement principles

The electron-neutrino correlation coefficient a requires
an extraction of the opening angle between the electron
and neutrino, cos(f.,). If we consider the relativistic
kinematics, conservation of momentum yields

Py —pi— i
2pepy ‘

When radiative corrections and recoil corrections are
neglected, cos(fe,) is linearly related to pg for a fixed E.
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Figure 1. Plot of the phase space of cos(f,,) as a function of
pg and E. with projections of the squared proton momentum
distribution P(pf,) for a fixed electron energy E. and an ideal
detection system of p; oc 1/¢; (denoted trapeziums in the text).

since the neutrino energy can be related to the electron
energy (E. + E, = Ey). Thus a measurement of p2 and
E. can determine cos(6.,). Figure 1 shows allowed values
of p; and E. from the phase space of neutron beta decay. If
we assume b = 0 in the SM and (a,,) = 0, Eq. (1) simplifies
to dw « 1 4 apf cos(b.,), where a is the electron-neutrino
correlation coefficient in question and B = v./c. For a
fixed E., the decay rate will have a slope of a in the
distribution of pg as shown in Fig. 1. The fact that a
value of a can be extracted for each electron energy gives
consistency checks for systematic effects that depend on
electron energy. The Fierz interference term b is measured
both simultaneously in the Nab-a configuration (explained
below) and in a separate Nab-b configuration through the
shape of the electron energy spectrum. The remainder of
this paper focuses on the extraction of a.

To extract a, the proton momentum p, and electron
energy E. must be determined. Since the endpoint of
the proton energy spectrum from neutron beta decay is
751 eV, a direct determination of its momentum is difficult.
Thus, we use a long, asymmetric magnetic spectrometer to
estimate pj, from the time of flight (TOF) of the proton, f,,
and reconstruct E. from energy deposited in Si detectors.
We will apply a Monte-Carlo correction for the small
electron TOF and this effect is addressed in the systematics
table. Figure 2 shows the Nab magnetic spectrometer with
details of the magnetic and electric field profiles. Note that
z = 0 is defined as the magnetic filter peak and the center
of the decay volume is z = —13.2cm. The electrons and
protons produced from neutron beta decay spiral along
the field lines and are guided to detectors at each end of
the spectrometer, ~ —1.1 m below and ~ 5.1 m above the
decay volume.

Both detectors are placed in a 1.3T field and an
accelerating potential of —30kV and —1kV is maintained
at the top and bottom detectors, respectively, by cylindrical
electrodes. For the Nab-a configuration, the accelerating
potential in the upper detector is required for the protons
to be detected, while electrons can be detected in either
detector. The —1kV potential on the bottom detector
and the E x B electrodes between the decay volume
and lower detector prevent protons from being reflected
from the lower to upper detector. The Si detectors were
developed for Nab by Micron Semiconductor Ltd [20]
to detect electrons and protons (with the accelerating
potential). The detectors are segmented into 127 pixels for
position determination, with observed energy resolution
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Figure 2. A diagram of the Nab spectrometer with details of
the electronics, detector system, electrodes, and electric and
magnetic field profiles.

of 3keV (FWHM) and a 40ns rise time (10%-90%
amplitude). Detectors will undergo full system testing
at LANL and the University of Manitoba in the next
few months. Electron backscattering is mitigated as
the magnetic field lines will always guide bouncing
electrons to one of the detectors. Electron backscattering
and energy reconstruction has been studied within the
collaboration, and remains an important topic of continued
study. The initial characterization of the detectors at
the Triangle Universities Nuclear Laboratory (TUNL)
proton accelerator showed a dead layer of 100nm and a
resolution near 3kV [23,24], meeting the needs of the Nab
experiment. Another recent update of the Nab detectors
and electronics can be found here [25].

3. Details of the Nab spectrometer and
proton time of flight

Neutrons from the FnPB beamline [26] at the SNS
at ORNL pass through the spectrometer decay volume.
Electrons and protons from neutron beta decay are born
in a magnetic field of 1.7 T. Above the decay volume, a
strong magnetic curvature (with peak field of 4 T) acts as
a magnetic filter to accept only protons with momentum
within a narrow upward cone along the spectrometer axis,
creating a minimum accepted angle 6y ,,;,. Subsequently,
the field expansion from the magnetic filter to the long
TOF region (0.2 T) largely longitudinalizes the momentum
and adiabatically guides the charged particles to the
upper detector. Figure 2 shows a diagram of the Nab

spectrometer and the electric and magnetic field profiles.
The shortest TOF for an upward proton is about 13 ps
and the shortest TOF for a downward electron is about
S5ns. At 1.4 MW SNS primary beam power, we estimate
1600 decays/s, equivalent to 200 protons/s in the upper
detector. Nab plans to collect several samples of 10°
coincidence events in several runs over ~2 years running
cycle at the SNS to accomplish the statistical demands
of the experiment. The magnet is now installed on the
FnPB beamline and commissioning of the magnet and
subsystems is ongoing.

Nab will make an estimate of p, from t,. The
relationship between p, and 7, depends on the guiding
center of the field lines, electrostatic potential experienced
in the spectrometer, the unobserved angle between the born
momentum and magnetic field vectors, and the size of the
neutron beam in the decay volume, as well as other smaller
systematic effects. For an adiabatically expanding field, 7,
is given by an integral along the guiding center:

i
m dz

tpzf”/ — e I ©)

Pp Jz \/I—BL?sinzeo_F%)o_U)

where zo, 6o, Bo, Vo, pp, and Ey are the decay coordinate,
angle of the proton momentum with respect to the
magnetic field vector, magnetic field magnitude, electric
potential, and magnitudes of the momentum and energy at
birth, respectively. B(z) and V(z) are the magnetic field
and potential as a function of z, and / is the length from
the center of the decay volume to the upper detector.
The unobserved quantities zop and 6, lead to imperfect
knowledge of the reconstruction of p% from 1/ tlz). These
properties form what we call the spectrometer response
function of the 1/ t,% distribution. An ideal spectrometer
response is a one-to-one delta function between p, and

1, but the actual spectrometer response will have nonzero
width in 1/7> for a fixed p. This results in a smearing

of the edges in the 1 /tg distributions (trapeziums, as
shown in Fig. 3). The analysis strategies for Nab need
to understand or parameterize the spectrometer response
function to extract a reliable value of a.

To fully understand the spectrometer response and
other systematic effects, a detailed Monte Carlo simulation
in Geant4 has been written and benchmarked. Charged
particles from neutron decay are stepped through magnetic
and electric fields using the Geant4 Cash-Karp 4/5"-
order Runge-Kutta-Fehlberg method [27]. The magnetic
and electric fields are analytically determined using the
method and code in reference [28] and a 1D Radial
Series Expansion (RSE) [29] is used to expand the field
into cylindrically symmetric 2D coordinates to speed up
runtime (see Eq. (6) below). The final kinematics of the
protons and electrons at the detector are stored for further
analysis.

We use these realistic simulation data to test our
analysis algorithms, which are described in [3,30]. One
method, called ‘Method A’ used to treat the integral in
Eq. (3), utilizes Monte Carlo simulations with and without
electric field to find a mapping between the two so that
distributions in a simulation with electric field can be
corrected for the electrostatic term. Figure 3 (right) shows
the detector response function, p? -t2/m?2, distributions

. ; pp -
for no electric field and with electric field and corrections.
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Figure 3. Left: simulated 1 /t/p2 distributions for different electron energies (for a = —0.103). The red lines are fits to the 1 /z‘/p2 which
take into account the detector response function through analysis ‘Method A’ as described in the text. Right: simulated detector response
function for without electric field (p}, - 17/m?) and with electric field and corrections (p}, - tz? /m3).

We find the mapping gives sufficient precision to carry out
the analysis procedure. We denote primed variables such
as t,, as the electrostatic corrected variables using such a
mapping. This approximation eliminates the electrostatic
term and leaves us with the second term in the integral
containing the magnetic field and sin(6y)*>. For small
angles, this can be expanded into a Taylor series expansion
including an additional term that is needed for particles
with 6 close to the critical angle 6 ,;n:

4@/ dz
e 1 — B sin%(p)
P By o

:ﬂ (L _ HAIHCOS(HO) - COS(GO,min)
t;; 1 - COS(QO.min)

+ aa(1 = cos(6p)) + Ba(l — cos(6p))’

+mawmwﬂ. 4)

Here, L is the effective length of the spectrometer, the n
term is an analytic expression for the TOF through the
filter, and oy, B4, and y4 are Taylor series expansion
coefficients in (1 — cos(fy)). To obtain the parameters 74,
as, Ba, and y,, we either fit the simulated data of p,, -
t},/m p» fit the edges of the 1/ t[? distributions [3], or a
combination of both. Then the 1/ t;f distributions are fit

to extract a. Figure 3 (left) shows the simulated 1/77
distributions for different energy slices as well as the fit
results using the method described above (in red).

3.1. The magnetic field of the spectrometer and
associated systematics

Details of the magnetic field dependence on z play an
important role in the extraction of a. For systematic
uncertainties, y = —(1/ B)(d*B / dz?), the field curvature in
the filter, and ratios rz = Brop/Bo and rz py = Bpy/Bo,

of the magnetic field in the time-of-flight section (TOF)
and the decay volume (DV), respectively, to the filter peak
(0), address the largest systematics uncertainties [30]. The
required sensitivity is:

ATB _ 10_2’ ArB,DV

rp I'B,.DV

AY 5102
(5)

In addition, the field needs to be known everywhere
to a similar precision for input into detailed Geant4
simulations. A detailed on-axis measurement, followed by
an off-axis measurement will be performed in the next
few months using a Group3 Hall probe calibrated to better
than 1073, We use the on-axis measurement to expand
the field off-axis and use the off-axis measurement as a
consistency check. We use two analyses to expand the
field off-axis: an RSE and a modified Bessel function
expansion (MBFE) approach. Cylindrical symmetry is
required for these analyses and we expect this symmetry
to a large degree. The principle is the same for each
method — use data from a non-equispaced grid on-axis,
B(r =0,z) and expand off-axis to obtain B(r, z). The
RSE originates from work in understanding axisymmetric
fields for electron transport [29], among other applications.
For an axisymmetric configuration of coils, an off-axis
expansion can be performed using only the on-axis vertical
field B,(r =0, z) = By, and its derivatives d" By ,/dz".
We have found that including up to the 6" derivative
satisfies the required precision. The general expansion is:

=102,

o0

(=1)" d*By; ,,
B.(r,z) = Z Q2 de r
n=0

5 B o0 (—l)n d2n+lBO,z il
(1, z) = _Zo nl(n + 1)22n+1 dz2n+1

. (6)

The MBFE can be derived from a separable mag-
netic potential ¢(r, z) =D, aie’™™ f(r). Solving Laplace’s
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Figure 4. Magnetic field on-axis measured during acceptance testing at the SNS (data in red, prediction in blue). The result agrees with

prediction at the level of precision of this preliminary measurement.

Table 1. Updated table of systematics from references [3,30,31]. The (*¥) indicates a fit parameter. Small in the third column indicates

(Aa/a)sys'[‘ <1 X_4.

Experimental parameter Principal specification (comment) (Aa/a)syst
Magnetic field:
curvature at pinch Ay/y = 2% with y = (d’*B.(z)/dz*)/B.(0) 5.3 x 107*
ratio g = BTOF/BO (AFB)/VB =1% 2.2 x 1074
ratio r'Bpv = BDV/BO (ArB,DV)/rBA,DV =1% 1.8 x 1074
Lo, length of TOF region (*)
U inhomogeneity:
in decay / filter region |Ugr — Upy| < 10mV 5x 1074
in TOF region |Ug — Utor| < 200mV 22 x 1074
Neutron beam:
position A{zpy) < 2mm 1.7 x 107#
profile (incl. edge effect) slope at edges < 10%/cm 2.5x 1074
Doppler effect (analytical correction) small
unwanted beam polarization A(P,) < 2-1073 (with spin flipper) Ix107*
Adiabaticity of proton motion I x10™*
Detector effects:
E, calibration AE, <200eV 2.107*
shape of E, response ANyii/Nuii < 1% 4.4 %107
proton trigger efficiency €, < 100 ppm/keV 3.4 x 1074
TOF shift (det./electronics) At, <0.3ns 3x 1074
TOF in accel. region Argrounp eL. < 0.5 mm (preliminary) 3.4 x 107
electron TOF (analytical correction) small
BGD/accid. coinc’s (will subtract out of time coinc) small
Residual gas p <2107 torr 3.8 x 107*
Overall sum 1.2 x 1073

equation and taking the divergence, one obtains f(r) =
Iy(kr), the modified Bessel’s function. Letting k = 27j/L,
we have:

(2 ewe (2mjr
w0 (%) 0 ()
J
2w\ ez 27 jr
B.(r,z) = | —= ] . 7
wo=Xo () F (). o

To obtain the a; coefficients, we use the on-axis field
map of B, at r = 0 since the modified Bessel function is
zero. Then, the off-axis expansion for B,(r, z) and B,(r, z)
is simply a multiplicative factor by the modified Bessel
function.

The acceptance tests for the Nab spectrometer magnet
were conducted at the SNS in March, 2018. During
the tests, the first measurements of the field were taken

on-axis and compared with the analytical prediction. The
measurement procedure had an error of about 1-2% due
to the positioning of the probe. The results are shown in
Fig. 4 and agree well with prediction at the precision of this
measurement. More detailed magnetic field mapping will
be carried out to achieve the ultimate required precision.

The important systematics in Nab have been discussed
in references [3,30,31]. Below in Table 1 is an updated list
of the systematics from these references. Please see these
references for more details.

4. Summary

The Nab experiment aims for a measurement of a,
the electron-neutrino correlation parameter, in neutron
beta decay, with ~ 1073 relative precision. This result
will enable an independent precise determination of
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A = ga/gv. Once the neutron lifetime is measured with
an uncertainty < 0.3 s the expected Nab value of A will
provide competitive precision to nuclear superallowed
0" — 0% decays in determining V,; and testing CKM
unitarity.

The magnet is installed on the FnPB at the SNS and
initial tests of the magnetic field show that the results
are consistent with expectations. Detailed measurements
of the field will commence shortly. Installation of other
beamline components is underway and commissioning of
the experiment will begin soon. In parallel, simulation
studies of systematics remain an ongoing area of intense
work.

We acknowledge the support of the U.S. Department of
Energy, the National Science Foundation, the University of
Virginia, Arizona State University, and the Natural Sciences and
Engineering Research Council of Canada.
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