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and implications for new physics
Francisco M. Gonzalez®,!-* Jin Ha Choi ®,%3 Himal Acharya A Skylar Clymer 5 Andrew Hagemeier,6
David G. Mathews ®,"* August Mendelsohn®,” Austin Nelsen®,* Hitesh Rahangdale ®,® Love Richburg ©,®
Ricardo Alarcon®,> Ariella Atencio®,” Stefan BaeBler®,%! Thomas Bailey ®,> Libertad Barrén Palos ®,' Noah Birge ®,3
Dennis Borissenko,’ Michael Bowler®,° Leah J. Broussard ®,! Albert T. Bryant,® Jimmy Caylor®,® Tim Chupp®,!!
Christopher Crawford 4 R. Alston Croley 4 Micah Cruz,® Chris Cude-Woods ® 2 George Dodson 2 Wenjiang Fan,®
Deion Fellers ®,'3 Nadia Fomin®,® Emil Frlez®,% Matthew Frost®,'# Jason Fry ®,'> Duncan Fuehne,'® Michael T. Gericke ®,’
Michelle Gervais,* Corey Gilbert,! Ferenc Gliick®,'” Rebecca Godri®,® Geoff L. Greene,®! William Greene ®,3
Josh Hamblen ®,!® Paul Harmston ®,3-" David Harrison,” Leendert Hayen 92 Carter Hedinger,6 Chelsea Hendrus ©,
Sean Hollander ®,' Kavish Imam®,® Erik B. Iverson®,'* Aaron Jezghani®,?° Chenyang Jiang ®,'* Wolfgang Klassen®,”*
Huangxing Li®,° Nick Macsai,” Mark Makela®,?! Russell Mammei ©,”? Ricky Marshall,® Madelyn Martinez,’
Mark McCrea®,* Pat McGaughey ©,”! Sean McGovern©,° David McLaughlin®,° Jacqueline Mirabal ©,?' Paul Mueller,'
Andrew Mullins ®,* William Musk,° Jordan O’Kronley R Seppo 1. Penttild U D. Elliot Perryman ,3-% Josh Pierce ®,2
Jason A. Pioquinto©,° Dinko Po¢anié ©,° Hunter Presley ©,® John Ramsey ©,! Glenn Randall,” Zachary Raney,’
Jackson Ricketts,'® Grant Riley ®,2!'8 Americo Salas-Bacci,® Sepehr Samiei,® Alexander Saunders ®,! Wolfgang Schreyer®,
E. Mae Scott®,3 I Thomas Shelton A Aryaman Singh,6 Alexander Smith,° Erick Smith®,?! Eric Stevens,’ R. J. Taylor 23
Leonard Tinius,® Isaiah Wallace,® Jonathan Wexler,> W. Scott Wilburn,2' A. R. Young ,23 and B. Zeck?3
(Nab Collaboration)
1Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
2Department of Physics, North Carolina State University, Raleigh, North Carolina 27695, USA
3Triangle Universities Laboratory, Duke University, Durham, North Carolina 27708, USA
4Department of Physics and Astrononiy, University of Kentucky, Lexington, Kentucky 40506, USA
SDepartment of Physics, Arizona State University, Tempe, Arizona 85287, USA
Department of Physics, University of Virginia, Charlottesville, Virginia 22904, USA
"Department of Physics, University of Manitoba, Winnipeg, MB R3T 2N2, Canada
8 Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
°Department of Physics, Drexel University, Philadelphia, Pennsylvania 19104, USA
OUniversidad Nacional Auténoma de México, México, D.F. 04510, México
" Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA
2Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
13 Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
14 Neutron Technologies Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
S Department of Physics, Geosciences, and Astronomy, Eastern Kentucky University, Richmond, Kentucky 40475, USA
16 Department of Physics, University of Chicago, Chicago, Illinois 60637, USA
Y7 Karlsruhe Institute of Technology, IAP, 76021 Karlsruhe, POB 3640, Germany
18Department of Physics and Astronomy, University of Tennessee at Chattanooga, Chattanooga, Tennessee 37403, USA
91 PC Caen, ENSICAEN, Université de Caen, CNRS/IN2P3, Caen, France
2 partnership for an Advanced Computing Environment, Georgia Tech, Atlanta, Georgia 30332, USA
2 Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
22 Department of Physics, University of Winnipeg, Winnipeg, MB R3B 2E9, Canada
B Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

11

1

® (Received 21 August 2025; accepted 2 December 2025; published 4 March 2026)

*Contact author: gonzalezfm@ornl.gov

TPresent address: Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA.
*Present address: Department of Physics, The University of British Columbia, Vancouver, BC V5T 1Z4, Canada.
$Present address: Institut Laue-Langevin, Grenoble, France.

IIPresent address: Centre College, 600 West Walnut Street, Danville, Kentucky 40422, USA.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further distribution
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

2469-9985/2026/113(3)/035501(15) 035501-1 Published by the American Physical Society


https://orcid.org/0000-0002-5954-4155
https://orcid.org/0000-0002-3768-1634
https://orcid.org/0009-0000-2219-8511
https://orcid.org/0009-0003-8877-4990
https://orcid.org/0000-0002-4897-4379
https://orcid.org/0000-0002-4847-2133
https://orcid.org/0000-0003-0913-0496
https://orcid.org/0000-0002-7066-4318
https://orcid.org/0000-0002-8621-3036
https://orcid.org/0000-0002-7882-403X
https://orcid.org/0009-0009-8633-7467
https://orcid.org/0000-0001-7732-9873
https://orcid.org/0000-0001-7915-4333
https://orcid.org/0000-0003-3082-3676
https://orcid.org/0000-0003-1894-5494
https://orcid.org/0000-0002-9468-5850
https://orcid.org/0000-0001-9182-2808
https://orcid.org/0000-0003-2412-7076
https://orcid.org/0000-0001-6293-9409
https://orcid.org/0000-0002-1932-4334
https://orcid.org/0000-0003-1910-5382
https://orcid.org/0000-0003-0557-8189
https://orcid.org/0000-0003-2504-4862
https://orcid.org/0000-0002-0731-9562
https://orcid.org/0000-0002-4837-3223
https://orcid.org/0000-0001-6533-3998
https://orcid.org/0000-0001-6821-170X
https://orcid.org/0000-0003-0437-0108
https://orcid.org/0000-0002-8976-8192
https://orcid.org/0000-0002-0487-8289
https://orcid.org/0000-0002-0904-753X
https://orcid.org/0000-0001-7231-2407
https://orcid.org/0009-0006-6021-1995
https://orcid.org/0000-0002-8785-9293
https://orcid.org/0000-0002-9471-0964
https://orcid.org/0000-0002-4756-7317
https://orcid.org/0009-0001-0273-2008
https://orcid.org/0000-0001-9427-3197
https://orcid.org/0000-0002-7920-705X
https://orcid.org/0000-0002-4302-4227
https://orcid.org/0000-0002-6321-3164
https://orcid.org/0009-0001-3294-7771
https://orcid.org/0000-0003-3726-9663
https://orcid.org/0000-0003-0592-3683
https://orcid.org/0009-0005-3481-4832
https://orcid.org/0009-0009-8200-1472
https://orcid.org/0000-0003-0020-716X
https://orcid.org/0000-0002-9902-7785
https://orcid.org/0000-0002-1135-7369
https://orcid.org/0000-0001-6589-4832
https://orcid.org/0009-0002-0898-3155
https://orcid.org/0000-0001-7567-1800
https://orcid.org/0000-0001-6888-1084
https://orcid.org/0000-0001-7625-4873
https://orcid.org/0000-0002-3234-4989
https://orcid.org/0000-0002-1497-336X
https://orcid.org/0000-0002-5661-0591
https://orcid.org/0000-0002-7672-8052
https://orcid.org/0000-0001-6491-3288
https://orcid.org/0000-0001-7323-8448
https://orcid.org/0009-0004-0468-1410
https://orcid.org/0000-0003-2413-4700
https://orcid.org/0000-0003-3091-1772
https://orcid.org/0000-0003-2440-597X
https://orcid.org/0000-0003-2152-5546
https://orcid.org/0000-0002-6706-7969
https://orcid.org/0000-0002-7326-7414
https://ror.org/01qz5mb56
https://ror.org/01qz5mb56
https://ror.org/01qz5mb56
https://crossmark.crossref.org/dialog/?doi=10.1103/ksmp-zxsl&domain=pdf&date_stamp=2026-03-04
https://creativecommons.org/licenses/by/4.0/

FRANCISCO M. GONZALEZ et al.

PHYSICAL REVIEW C 113, 035501 (2026)

Precision measurements of observables in neutron § decay are used to test the standard model description of
the weak interaction and search for evidence of new physics. The Nab experiment at the Fundamental Neutron
Physics Beamline at the Spallation Neutron Source was constructed to measure correlations in neutron decay by
utilizing an asymmetric spectrometer and novel detection system to accurately reconstruct the proton momentum
and electron energy for each B decay. This work describes the detection of neutron B-decay products in the Nab
spectrometer and presents the first full Dalitz plot representation of the phase space of neutron 8 decay for all
electrons >100 keV. In addition, new constraints are placed on a possible excited neutron state, hypothesized to
explain the disagreement between the appearance and disappearance neutron lifetime techniques.

DOI: 10.1103/ksmp-zxsl

I. INTRODUCTION

Neutron 8 decay, the simplest example of nuclear 8 de-
cay, provides a unique suite of precise tests of the standard
model (SM) of particle and nuclear physics. An important
constraint of our understanding of the weak interaction is the
unitarity of the quark-mixing Cabibbo-Kobayashi-Maskawa
(CKM) matrix, with the most precise test of unitarity utilizing
the first row of matrix elements. Recent progress in calcu-
lating the radiative corrections in nuclear decays have led to
reevaluations in the CKM matrix element V4 extracted from
superallowed 0" — 0" Fermi nuclear decays [1-3]. This has
led to significant tension between the SM prediction of CKM
unitarity and the leading experimental extractions of the CKM
matrix elements V,q and Vs used in the first-row test [4,5].
Resolving this anomaly, also known as the Cabbibo Angle
Anomaly, has implications for physics beyond the standard
model (BSM) [6], including right-handed hadronic currents
[7], lepton flavor universality [8], and the W-boson mass [9].

Neutron B decay provides a complementary method
of extracting the V,q matrix element, free from nuclear-
structure-dependent theoretical corrections that dominate the
uncertainty when using superallowed Fermi nuclear decays.
Two neutron-decay parameters need to be determined more
precisely to directly probe the Cabbibo angle anomaly: the
neutron lifetime 7, and the ratio of the Gamow-Teller and
Fermi coupling constants A = g4/gy .

While recent measurements of the neutron lifetime ap-
proach the required precision to compete with 0 — 0%
decays [10,11], there is a more than 40 discrepancy be-
tween experiments that measure the disappearance of stored
neutrons and the appearance of decay products [12]. This
discrepancy has motivated exotic explanations, such as dark
decays [13], mirror matter [14—16], excited state neutrons
[17], and a second flavor of atomic hydrogen [18]. Experimen-
tal searches for these exotic decays, species, and transitions
have been ongoing but thus far have not seen evidence for
new physics [19-23], and exotic solutions to the neutron life-
time discrepancy are constrained by the consistency of V4 as
extracted from neutron 8 decay and nuclear 8 decay [24].

The other free parameter in neutron decay, A, can be
extracted by measuring correlations in neutron decay. The
A parameter has been determined most precisely from the
asymmetry A [25,26], which correlates the momentum of the
produced electron with the spin of the decaying neutron, and
from the correlation parameter a [27-30], which correlates
the momenta of the electron and neutrino produced in the

decay. Currently, there is some tension between the measure-
ments of A using the two techniques [12]. As the precision in
calculations of the axial vector coupling constant g4 [31,32]
and understanding of relevant corrections improve [33-35],
directly comparing determinations of A experimental results
with improved lattice calculations can also be used to con-
strain BSM physics.

Beyond extracting Vg, precision nuclear and neutron decay
experiments can probe exotic couplings in the weak interac-
tion [36,37]. The existence of a nonzero Fierz interference
term b would be indicative of exotic, possibly right-handed,
scalar or tensor couplings beyond the known V — A struc-
ture of the weak interaction. This term can be measured
precisely in B decays, including that of the neutron, with
sensitivity comparable to high-energy limits established at the
Large Hadron Collider [5]. Scalar currents are presently most
tightly constrained by the set of superallowed Fermi decays
[3]. Tensor currents have recently been precisely probed in
nuclei such as 8Li and 3B [38,39], and future precision stud-
ies will use cyclotron radiation emission spectroscopy with
%He and '"°Ne [40,41]. Neutron correlation experiments have
also placed limits on b in neutron decay competitive with
nuclei [29,42,43]. Recently, a combined analysis from two
neutron decay correlation experiments measuring different
asymmetry parameters found a nonzero value of b [29], de-
viating from the SM prediction by 2.80. A nonzero value
of b of that size had been proposed earlier as part of a res-
olution of the neutron lifetime discrepancy involving dark
decays [44].

Rather than relying on detecting the antineutrino, the neu-
tron decay correlation parameters can be reframed in terms of
the more experimentally accessible decay electron and proton
energies. The values of a and b can be then determined by
measuring the energy of the electron produced in 8 decay and
the momentum of its coincident proton, with the kinematically
available phase space seen in Fig. 1. This plot is analogous
to the commonly used Dalitz plot in high-energy particle
physics for reconstructing three-body kinematics and looking
for resonant decay modes [45]. The proton yield for slices of
constant electron kinetic energy E, has a slope proportional to
a, and the proton momenta of its sharp edges are determined
entirely by the decay kinematics. Changes in b will cause a
distortion of the electron energy spectrum. Exotic decays may
appear as deviations from the kinematically allowed edges of
the Dalitz plot.

As previous neutron B-decay experiments have not mea-
sured the complete range of p, and E, simultaneously, the
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FIG. 1. Analytical calculation, neglecting radiative and recoil
corrections, showing the phase space of neutron decay kinematics
as a function of electron kinetic energy E, and proton momentum
pp- The central plot shows the available phase space. Indicated on
the central plot is 6,,, the angle between the emitted electron and
antineutrino. The blue space represents decays with the electron
and antineutrino momenta aligned within the same hemisphere, and
the red space represents decays with the electron and antineutrino
momenta antialigned. The right plot shows the relative proton yield
for slices of constant E,. The lower plot shows the overall electron
distribution summing over all values of pf,.

full Dalitz plot of neutron § decay has not yet been experi-
mentally reconstructed. Experiments measuring correlations
with the neutron spin typically precisely measure only E,
[25,26]. Measurements of the electron-neutrino correlation,
a, measured the proton recoil spectrum [28] or narrow slices
of phase space [27]. Other neutron decay searches have mea-
sured proton kinematics by using the time-of-flight between
protons and electrons, but these have not provided a precise
measurement of the electron energy or proton momentum
[46,47]. In this work, we present a first reconstruction of the
full neutron B-decay Dalitz plot above thresholds and place
constraints on possible excited decay modes of the neutron.

II. EXPERIMENTAL APPARATUS

The measurement reported here utilizes the Nab spectrom-
eter, located at the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory, designed to accept the full phase
space of neutron 8 decay. The Nab apparatus was developed
to determine A with high precision through a measurement of
the electron-neutrino correlation, a, and set strong constraints
on a possible Fierz term, b [48-51]. To measure E, and p,, for
each decay event, the spectrometer’s magnetic field captures
the charged decay products from the unpolarized neutrons
and guides them to two detection systems. After the fast
decay electron is detected and its energy measured directly,
the lower-velocity coincident proton has to travel along the
long arm of the spectrometer before being detected several
microseconds later. This time of flight determines the pro-
ton momentum. An overview of the apparatus is depicted in

Spectrometer
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Systems

E & =

) .

| Decay Volume ( ~
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Beam |- . . 5€3

Collimation
System

FIG. 2. Elevation view of the Nab experiment showing key sub-
systems, including the beamline, magnet, and detector systems.
Detailed descriptions of the subsystems are provided in the text.

Fig. 2, and major components as implemented for this work
are described in more detail below.

A. Neutron beam, spectrometer, and magnet

The Nab apparatus is installed at the Fundamental Neutron
Physics Beamline 13-B (FNPB) [52] of the SNS. Neutrons
were produced via spallation by a 60 Hz, 1.7 MW proton beam
impinging upon a mercury target. The beamline monochroma-
tor was inserted during data-taking for these measurements to
share beam with experiments on the adjacent Beamline 13-A,
resulting in a modest reduction in flux. At the exit of the
biological shielding of the FNPB, the Nab beamline consisted
of an upstream section, the path through the spectrometer, a
downstream section, and the neutron beam stop. For this mea-
surement, the upstream section included a spin flipper [53]
which was not operated, but provided a vacuum environment
for the neutrons to reduce neutron-generated background ra-
diation. Thin 0.3-mm magnesium-alloy windows separate the
upstream and downstream rough beamline vacuum from the
spectrometer’s ultrahigh vacuum, with a residual gas pressure
below 1078 Torr. Inside the spectrometer magnet,' the beam is
surrounded by ®Li-loaded glass channels upstream and down-

'https://www.cryogenic.co.uk/news-and-events/news/actively-
shielded-nab-spectrometer.
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stream of the decay volume. Additional collimators made of
®Li; POy are mounted in the upstream section. The collimators
nominally result in a rectangular beam with a width of 5.4 cm
and a height of 7 cm in the decay volume. Upon exiting
the spectrometer, the beam passes a second magnesium-alloy
window and follows an evacuated vacuum tube until it is
absorbed in a shielded enclosure containing the neutron beam
stop.

A tiny fraction, less than 1077, of the total neutrons pass-
ing through the spectrometer decay inside of a small decay
volume within the ~1.7 T magnetic field of the spectrometer.
The charged decay products gyrate inside this magnetic field
and are guided by it to silicon detectors at either end. The
magnetic field of the spectrometer and the agreement of its
measurement with calculation were described in Ref. [51].
Above the decay volume, the magnetic field strength in-
creases to &4 T to reject protons emitted at an angle far
from the spectrometer axis which would take a long time to
reach the detector. This produces a sensitive response func-
tion between the proton time of flight #, and its momentum
pp- Beyond this pinch, the field drops to a low value of
~0.2 T to longitudinalize the momentum of the protons. At
either end of the spectrometer, the magnetic field again rises
to ~#1.3 T to guide the charged particles into the detector
system.

Since the mass of the proton is significantly greater than the
mass of the electron, conservation of energy and momentum,
combined with the more than 5 m path length of the proton,
causes at least a 12 us difference in the time of flight between
the proton and electron. Since we do not observe the initial
conditions (e.g., position or momentum) of the neutron decay,
we must rely on coincidences between protons and electrons
close to where the same field lines intersect the detector. The
guiding fields between detectors ensure that the electron and
proton from a given decay hit the detectors within ~2 cm of
one another. In this work, we define the time of flight ;. as the
time difference between electron and proton triggers.

B. Detection system

The goal of the detection system is to detect the decay
proton with up to 0.751 keV and the decay electron with
up to 782 keV in coincidence, whether in the same or dif-
ferent detectors. The requirements for the system include:
low noise; a dead layer thin enough to detect the protons
after accelerating them to no more than 30 keV; excellent
linearity and resolution for electron energy reconstruction;
fast timing to resolve backscattered electrons with travel time
of order 50 ns and reduce biases in reconstructing the pro-
ton time of flight; and high segmentation to reduce noise
and backgrounds in coincidence detection. The detection sys-
tem is based on thick, large-area, highly segmented silicon
detectors with custom-designed electronics and a compact
assembly providing electrical power, data acquisition, and
cryogenic cooling while floating on a —30 kV accelerating
potential. Two detector systems are used, one at each end
of the Nab spectrometer. The performance of a prototype
detector system has been demonstrated in Ref. [47] and the

final design with full instrumentation has been described in
Ref. [54].

This measurement used 2-mm-thick silicon detectors with
11-cm diameter and an active area segmented into 127
hexagons, each with 70 mm? area, manufactured by Micron
Semiconductor Ltd.> A detailed charge transport simulation
model of the detector has been developed [55]. The detector
thickness ensures the highest energy electrons from neutron
B decay and from calibration sources are fully stopped in
the detector. These detectors have been demonstrated to have
a ~100 nm dead layer, sufficiently thin to allow efficient
detection of 30 keV protons [56]. The upper detector used for
proton detection in this measurement was successfully tested
using a separate 30 keV proton beam at the University of
Manitoba [57,58].

For this measurement, the detectors were cooled to tem-
peratures between 110 and 150 K (depending on the study) to
reduce dark noise and the detector charge-collection rise time.
The upper detector was typically operated with a bias voltage
exceeding —200 V, the nominal voltage to fully deplete the
2 mm thick bulk silicon. On the lower detector, an abnormally
high leakage current (100 uA at ~130 K) and the resulting
excessive noise limited the bias voltage to —50 V, below full
depletion. The lower detector’s high leakage current was also
observed at room temperature but was expected to improve
in cryogenic conditions. This has implications for both timing
and energy reconstruction.

Each detector system was supported by a custom elec-
tronics package to provide high gain while maintaining the
fast timing intrinsic to the silicon detector response, with 127
channels each reading a hexagonal pixel of the detector. The
circuit used in this measurement is described in Ref. [55].
During this measurement, mechanical and electrical failures
resulted in a reduction to the number of operating pixels,
such that there were no pixels with all adjacent neighbors
operational.

The detector system [54] included the mounting structure
for the Si detector, the detector electronics, instrumenta-
tion for gaseous helium flow cooling for the Field Effect
Transistors and detector [59], water cooling to stabilize the
temperature of the amplification stages of the electronics [60],
and vacuum services for the cold section of the electronics.
It also provided for —30 kV high voltage isolation of the
detector, needed to accelerate protons past the detector dead
layer. The associated detector electronics chain, including the
frontend data acquisition (DAQ) system, the detector bias
voltage power supply and pulser, and instruments for monitor-
ing and networking, was held at the —30 kV potential as well.
During the data acquisition described here, the upper detector
was set to —30 kV, while the lower detector was grounded.
The applied voltage was characterized by studying the en-
ergy shift due to the varying voltage on the mono-energetic
conversion electron lines from !'3Sn. The decay volume in
the section of the spectrometer at neutron beam height was
grounded by an electrode system to maintain a constant elec-
tric field for all decaying particles [61]. In the lower section of

Zhttps://www.micronsemiconductor.co.uk/.
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the spectrometer, a second electrode system created up to a
1 kV potential difference perpendicular to the spectrometer
magnetic field. This was operated for some datasets to sweep
downward-going, wrong-direction protons far enough away
from the electrons that they would no longer be considered
coincident even if they were backscattered from the lower
detector and subsequently detected in the upper one.

C. Calibration system

The response of the silicon detector and electronics chain
was characterized and the energy response calibrated in sifu
using radioactive sources. Conversion electron sources were
selected to encompass the range of neutron B-decay energies.
These sources included 2°’Bi, which has prominent monoen-
ergetic peaks at 481.7 keV and 975.7 keV; ''*Sn, which has its
most prominent peak at 363.8 keV; and '%Cd, with its most
prominent peak at 62.5 keV [62]. *8Gd, a monoenergetic
3.18 MeV « emitter, was also used as an in situ probe of the
silicon dead layer, important in characterizing the energy lost
by the decay protons.

To reduce the energy lost by decay electrons in the ra-
dioactive sources themselves, the isotopes were prepared as a
liquid solution, applied in a series of microliter droplets onto
thin foils, and installed in the spectrometer after the solvent
had evaporated. An electroplated '“®Gd source was used for
studies requiring « particles. The sources were mounted onto
a custom radioactive source insertion system, which allowed
sources to be exchanged and inserted into the ultrahigh vac-
uum of the magnet. This insertion system was located at the
nominal midpoint of the neutron decay volume along the
neutron beam travel axis and was retracted when the neutron
beam was on. For these measurements, the insertion system
could only be actuated along an axis perpendicular to the
neutron beam. The electron sources were used to calibrate
individual pixels on the detector by inserting them so that each
source illuminated one cluster of about three pixels of each
detector at a time.

D. Data acquisition and signal processing

The data acquisition system used in this measurement was
described in detail in Ref. [63]. The signal waveform out-
puts from the detector electronics were recorded by National
Instruments 8-channel 250 MS/s 14-bit PXIe-5171 reconfig-
urable oscilloscope modules [64]. At each detector, 16 of
these modules were installed in a PXIe-1085 chassis [65].
Each detector channel was attached to a dedicated analog-
digital converter (ADC) channel, such that signals from each
detector pixel could be read out individually.

As part of the DAQ startup, the internal clocks of each
module are synchronized with one another. During this syn-
chronization routine, ADC modules within one chassis were
synchronized at the better than 1 ns level. Between the two
chassis there was a potential timing offset due to how the
synchronization logic managed their cable length differences.
With the firmware used during this dataset, synchronization
between the two chassis was found to be inconsistent. Using
the observed offsets in the time of flight of backscattered

electrons traveling down-to-up and up-to-down compared to
simulation, the timing offset averaged over all runs was
determined to be 260 £ 5 ns where the £5 ns uncertainty was
dominated by timing drift between individual runs.

Charged particle events are detected by convolving the raw
ADC data stream with a double trapezoid response function
on each oscilloscope module’s FPGA. The double trapezoid,
which uses a delayed second negative trapezoid in addition to
the more typical positive first trapezoid, cancels baseline drifts
that might otherwise lead to compromised trigger efficiency.
It also provides a zero-crossing, similar to a constant fraction
discriminator, for better timing. The double-trapezoid trigger
filter had a rise time of 1.6 us and a flat top of 0.4 us. During
this dataset, the DAQ applied a threshold with voltage corre-
sponding to approximately 9 keV for the upper detector (the
only detector able to see protons) and 90 keV for the lower
detector.

III. EXPERIMENTAL APPROACH

A. Data collection

Data were collected during commissioning of the exper-
imental apparatus during a period of three weeks in the
summer of 2023, with the intent to demonstrate the work-
ing principles of the experiment. All major subsystems were
operational. Approximately 20% of all data taken during this
commissioning period, 101 h, were taken in nominal “produc-
tion” mode, while the remainder of time was used to explore
variations in operating parameters. “Production” data were se-
lected from measurement runs with the SNS accelerator power
at 1.7 MW, with the magnet running at the designed field, and
the upper detector having an accelerating potential of —30 kV.
While data were being recorded, the uptime of neutron data
taking was 75%, with losses primarily due to planned and
unplanned accelerator outages, time for reconfiguration of the
experiment and DAQ, and periods where increased electronics
noise temporarily paused data acquisition. Systematic studies
explored in this dataset included detector characterizations
using radioactive sources, studies of backgrounds, and studies
with varying operating parameters of the detectors and data
acquisition.

Several limitations caused deviations from the ideal oper-
ating conditions expected for the final implementation of the
experiment, summarized here. The limited number of opera-
tional pixels reduced the observed coincidence rate and also
distorted the energy spectrum due to missed backscattered
electrons. The implemented version of the timing synchro-
nization routine for the DAQ resulted in a larger than expected
uncertainty in the timing offset between the clocks of the
upper and lower systems. The conditions of the neutron
beam varied, both due to variations in the moderator and to
accommodate other experiments utilizing BL-13A. A lower-
than-expected proton energy on the upper detector caused
reduced trigger efficiency and an increased timing jitter. The
lower detector could only be operated with partial depletion,
which affected the precision of time-of-flight extraction and
the energy reconstruction. Finally, the detector temperatures
and bias voltages were not held in a consistent and stable
configuration for long periods during production mode due
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to emphasis on optimizing and studying performance, which
also increased these detection uncertainties.

1. Detector calibration

With the neutron beam off, the detection systems were
characterized through the use of radioactive sources 113Gy,
207Bj, and '®Cd. The radioactive source insertion system used
for these measurements was used to calibrate 75 of the 93
working pixels. Pixels where the source insertion system did
not dwell long enough to accumulate adequate statistics were
instead calibrated by assuming that their gain and nonlinearity
had the same mean values as the well-characterized pixels
of the detector. To take into account backscattered electrons
in both calibration and neutron-decay data sets, the energy
of events arriving within 1us in active nearest-neighbor or
next-nearest-neighbor pixels on the upper and lower detector
were summed together. Simulations show negligible (<107>)
backscattered electrons have a time of flight longer than
1 us. Prominent peaks corresponding to mono-energetic de-
cay electrons in the spectrum of each pixel were fit with a
Gaussian added on top of an exponential, which represented
electron downscattering, and flat background. The data points
relating the centroids to the corresponding known electron
energies were fit to a polynomial to determine the gain, offset,
and nonlinearity of the detector across the range of §-decay
electron energies. The detector was calibrated across a range
of bias voltages and detector temperatures. On the calibrated
pixels, the uncertainty in the electron endpoint was calculated
by evaluating the 1-o uncertainty of this polynomial at 782
keV. This led to a 6.7 x 1073 relative uncertainty for the
energy of the endpoint of the calibrated pixels, dominated by
gain variations from the varied run conditions. The observed
gain distribution on calibrated pixels was used to provide a
systematic uncertainty on this calibration technique for the
uncalibrated pixels. The gain distribution on calibrated pixels
was fit to a Gaussian with a o of 3.1%, which was taken
as the calibration uncertainty for the uncalibrated pixels. The
6.7 x 1073 uncertainty on the endpoint energy for well cali-
brated pixels, combined with a 3.1 x 1072 uncertainty on the
endpoint energy of uncalibrated pixels, provides an overall
calibration uncertainty at the endpoint energy of S-decay elec-
trons of 2.5%.

2. Coincidence events

In this dataset, waveforms from all triggered hits were
stored, so that grouping of coincidences could be studied
in offline analysis after applying the energy calibration. In
analysis, the timestamps of events on the lower detector were
shifted by 260 ns to account for the synchronization offset
between the two DAQ chassis. All triggered events deposit-
ing an energy less than 50 keV in the upper detector were
flagged as possible protons. These protons were grouped with
all events that preceded the proton by its expected time of
flight of 10 to 80us, which were subsequently defined as
electrons. A spatial cut was applied to separate foreground
from background, where foreground events occurred within
two pixels of the proton hit, mapped to either the upper or
lower detector. The rate of coincidence events was 60 cps.

1073
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FIG. 3. Two-dimensional histogram of the “proton” energy vs

the time of flight between the “proton” and “electron” shown with
backgrounds subtracted as discussed in the text.

Figure 3 shows the time of flight between protons and elec-
trons histogrammed over all coincidences. In this dataset, the
proton peak appeared at 10 keV, lower than the amplitude of
20 keV predicted by simulation and observed using the same
detector at the proton source at the University of Manitoba
[57]. Based on studies with a "“*Gd « source, this was most
likely due to additional material on the face of the detector.
This material was a consequence of accidental contamination
that occurred sometime between the conclusion of testing
at the University of Manitoba and the data-taking campaign
in the Nab spectrometer described here. The peak reduction
would lead to a bias of several percent in the reconstruction of
the main physics observable, the neutrino electron correlation
coefficient a, due to selectively removing protons with lower
momentum. The bias in the physics observable depends on
the specific deposit properties, which have not been precisely
characterized.

3. Background rates

Both silicon detectors are susceptible to unwanted back-
grounds originating from electronic noise, cosmic muons, as
well as neutron-beam-generated particles. Backgrounds in the
lower detector were ~ 11000 cps above the DAQ threshold
of 290 keV, significantly higher than the backgrounds in the
upper detector, which were only ~200 cps above the DAQ
threshold of ~9 keV. Some of the differences in background
rates between the detectors are expected. The upper detector
has a much lower sensitivity to beam-induced backgrounds, as
the lower detector is much closer to the neutron beam and the
shape of the spectrometer magnetic field rejects many charged
particles from reaching the upper detector. The background
rate in the lower detector was exacerbated by the much larger
than expected electronics noise rate from the leakage current.
The beam-induced background was measured by varying the
magnetic fields and the high voltage applied to the upper
detector. Real decay events required both magnetic fields and
high voltage to detect the proton and electron in coincidence.
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Beam-induced backgrounds are not expected to have the same
coincidence structure, and can thus be isolated. A significant
fraction of backgrounds in the lower detector were neutron
beam related, such as from neutrons interacting with the
magnesium window separating the ultrahigh vacuum bore
from the neutron beamline.

The long coincidence window, from 10us up to 80 us,
means that background events can form accidental coin-
cidences. The impact of backgrounds was mitigated by
requiring coincidences between the upper and lower detector
spatially located within 2 rings of pixels, corresponding to an
area of ~217 cm? for each detector. This corresponds to about
18% of the total active area of the detectors. Background
events with a similar timing structure to the neutron decay
signal of interest were generated by applying the coincidence
time criteria using a time of flight window between 80 and
150 us. The measured time of flight of these backgrounds
were shifted by 70 us. Then these events were subtracted from
the coincidence data. This background timing window was
chosen for the ease of having one contiguous coincidence
time window, from 10 to 150 us, that could be subdivided
into equal parts foreground and background. Approximately
2% of proton-electron coincidences from neutron decay ap-
pear between 80 and 150 us, slightly inflating the observed
background rate. Furthermore, protons backscattering off the
lower detector would appear at high 7., also contributing to
backgrounds. The measured background coincidence rate was
20 cps, leading to a background subtracted rate of 40 cps.

The backgrounds ultimately caused systematic uncer-
tainties in neutron decay kinematic reconstruction. The
background due to false coincidences was roughly constant in
Ipe, but the real proton time of flight distribution was nearly flat
in1 /tge. Protons backscattering off the lower detector would
have a similar time profile as the decays of interest, but would
appear at higher f,,.. An incorrect estimation of the background
rate would introduce nonlinearities in the slope of the l/tlfe
distribution on the Dalitz plot. Furthermore, electron energy
reconstruction was biased as a result of detector backgrounds
being mistakenly counted as backscattered electrons. This
bias was mitigated by choosing a 1us integration window
for counting backscattered events. Scanning this integration
window from 0.5 to 2 us showed no statistically significant
variation in the slope of the Dalitz plot.

B. Simulated performance

The response of the spectrometer has been modeled in a
detailed Monte Carlo simulation using Geant4 including an
analytical description of the electric and magnetic fields as
described in Ref. [51]. In a cylinder in the center of the decay
volume, 10® coincidence decay proton and electron events
were generated with momenta following the expected neutron
decay distributions, but neglecting recoil order corrections.
The decay volume used in these simulations was a vertical
cylinder with radius 3.4 cm and height 8 cm aligned along
the magnet axis and centered in the magnet 13.2 cm below
the field maximum. A cylindrical geometry was chosen be-
cause electrons and protons far from the central magnet axis
predominately scatter off internal components of the spec-
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FIG. 4. Reconstructed energy as a function of true initial energy
for decay electrons generated in a Geant4 simulation of the Nab
experiment.

trometer rather than reaching the detectors. The simulation
tracked decay particles through the spectrometer and recorded
their arrival time, energy, and position in each silicon detector
past a 100 nm dead layer. For events where multiple backscat-
tered electrons hit on the same pixel, the energy of those hits
was summed and the time of those events was averaged. Each
pixel had a simulated 10 keV threshold on the upper detector
or a 100 keV threshold on the lower detector. Pixels that were
off during the measurement were also turned off in simulation.
Coincidences were reconstructed by selecting proton events
on the upper detector and grouping them with electron events
preceding the proton by 10 to 80 us. The proton time of flight
tpe Was defined as the elapsed time between the first electron
event and the proton event, and the total electron energy E,
was defined as the sum of energies deposited in all electron
events.

Several factors impacted the energy assigned to the elec-
tron compared to its initial energy in the decay. The electron
has a significant energy- and angle-dependent probability
to backscatter from the detector [66], and all hits must be
summed to assemble the full energy. That summation is com-
plicated by the fact that one detector is held at —30 kV
and the difficulty in determining bounce order due to the
fast (=50 ns) electron travel time between detectors, shorter
than the rise time of electron waveforms. If the final electron
hit is on the upper detector, 30 keV must be added to the
reconstructed electron energy to account for energy lost in
the proton-accelerating potential. The electron energy recon-
struction is imperfect due to missed backscattered electrons,
exacerbated by the missing detector pixels. The electron en-
ergy reconstruction also must account for energy loss due to
bremsstrahlung and due to the small fraction of its energy
deposited in the inactive dead layer of the silicon detector.

Finally, the calibration of the detector response must be ex-
ceptionally well understood. The simulated detector response
is shown in Fig. 4. Most events are reconstructed correctly and
fall within the diagonal line where initial and reconstructed
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FIG. 5. The proton time of flight 7, shown as a function of the
initial momentum of the decay proton expected for the Nab spec-
trometer response simulated in Geant4.

energy match. Events below this line on the y-axis have expe-
rienced electron energy losses as described above, and events
above this line on the y-axis have a misidentified bounce order
resulting in a 30 keV shift due to the upper detector high
voltage.

A challenge unique to the Nab experiment due to the
spectrometer response is the assignment of proton momentum
given the measurement of the proton’s time of flight 7,. As-
suming adiabatic transport along the magnetic field, the initial
momentum of the proton, p,, can be related to the time of
flight of the proton t, between the initial decay coordinate zo
and position of the upper detector /, across the magnetic field
region, with [50,67]:

f_ my /l dz
p _ 9
Dp Jzy \/1 — %5) sin? 6y + —q(v(élfv[))

ey

where 6, is the angle of the initial momentum with respect
to the initial magnetic field By, Vj is the initial electrostatic
potential, and E is the proton’s initial kinetic energy. The sim-
ulated time of flight of protons as a function of initial proton
momentum due to the spectrometer response, cf. Eq. (1), is
shown in Fig. 5. The length of the spectrometer was mea-
sured to 5 cm. Since protons travel more than 5 m, this
corresponds to a <1% uncertainty in the simulated length of
travel. This does not include small biases in the assignment
of particle time stamps by the detection system, such as de-
scribed in Ref. [55]. The Nab spectrometer magnetic fields
were optimized to produce a narrow width in #, for accepted
protons, resulting in the narrow distribution with an inverse
proportionality between proton time of flight and momentum.
The events at longer time of flight than the main band are
protons backscattered from the lower detector to the upper
detector. For the remainder of this work, we report the decay
distribution in terms of #,., which incorporates the electron
time of flight, rather than mapping ¢, to p, using Eq. (1). This

intentionally blinds us to the true slope of Dalitz plot, and thus
the value of the a coefficient.

The coincidence rate in the detector, Ry, can be used to
estimate the neutron decay rate, Ry, in the experiment during
typical operation with the monochromator [52] inserted:

Rt = fﬁltﬁhreshfpixRtol~ 2

The counting efficiencies fi, finresh» and fpix can be deter-
mined through these Geant4 [68] simulations. The presence
of the 4 T magnetic field above the decay volume allows
only fhix & 12% of the protons to reach the upper detector.
Simulated particle detection thresholds of 100 keV on the
lower detector and 10 keV on the upper detector provide an
Jihresh =~ 90%. The reduction in the total number of available
pixels due to hardware failures meant that we saw a reduced
number of these protons. By turning off the pixels in simula-
tion which were off in the experiment, we simulate a counting
efficiency of fyix & 32%. Since we observed Rye; ~ 40 cps the
simulated proton detection efficiencies allow us to estimate
Ryt & 1200 decays s~ ! in the Nab spectrometer decay volume
during the commissioning data-taking, averaging over beam
conditions.

In Nab, the neutron decay phase space depicted in Fig. 1 is
related to the experimentally accessible parameters of electron
energy and proton time-of-flight as depicted in Figs. 4 and
5. The simulated Dalitz plot as a function the observables of
tp‘e2 and reconstructed electron energy in the Nab apparatus is
shown in Fig. 6 (left). The simulation was scaled to a neu-
tron decay rate of 1200 decayss~!, and included an applied
threshold on the total energy in each pixel of 10 keV on the
upper detector and 100 keV on the lower detector. Addition-
ally, pixels which were not active during the measurements
reported here were excluded from the simulation. Data taken
at the Manitoba proton source demonstrated that the lower-
than-expected proton signal-to-noise observed in the dataset
here introduces a ~250 ns timing jitter on proton events as the
noise makes finding the rising edge of the proton waveform
less precise. The simulated response is blurred by randomly
adding a gaussian-sampled time to protons with o = 250ns
to account for this.

C. Results
1. Neutron B-decay Dalitz plot

The Nab experiment recorded 1.6 x 107 background-
subtracted neutron decay events over 101 h of production
data-taking, which corresponds to a live-time of 81 h of data.
The raw waveforms were convolved offline with a trapezoidal
filter with settings chosen from Table 1 of Ref. [69], which
tuned its parameters based on data taken in Ref. [54]. The
energy of events was determined using a “long trapezoid,”
with a rising edge of 1.6 us and a flat top of 0.4 ps. The timing
of events was determined with a “short trapezoid,” with a
rising edge of 80 ns and no flat top. An analysis threshold
of 10 keV on the upper detector and 100 keV on the lower
detector was applied to the data. Raw waveforms with a rise
time—defined as the time for the amplitude going from 10%
to 90% of the peak—greater than 400 ns were considered to be
noise or nonbackscattered-electron pileup and rejected. The
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FIG. 6. (Left) Dalitz plot of neutron S-decay phase space expected for the Nab spectrometer. (Right) Neutron Dalitz plot measured in the

Nab apparatus. Details are discussed in the text.

reconstructed energies and timings were used to generate co-
incidences as described above. Background subtraction used
the shifted time window procedure, also described previously.
The reconstructed Dalitz plot from the measured dataset can
be seen in Fig. 6 (right).

Several features are apparent when comparing the mea-
sured and simulated Dalitz plots in Fig. 6. Qualitatively, the
agreement in the “teardrop” shape indicates no severe sys-
tematic biases in the measurement. A nonuniformly reduced
count rate in the region between 10 and 100 keV is apparent
in the measured data. The events in Fig. 6 between 10 and
100 keV correspond to both the electron and proton only
hitting the upper detector. The reduction is caused in part by
fast protons hitting the same pixel as an electron, such that
they are on the tail of the electron pulse and are missed by
the analysis routine. The reduced proton trigger efficiency
for these events is worsened by the degraded proton energy.
Another visible difference is evident at small 1/ tge. The lower
electrode was operated intermittently in the measured dataset
presented in Fig. 6, which has two competing effects that
are poorly characterized. For periods where it was not op-
erated, backscattered protons were expected to appear at a
delayed time which appear as an excess in low 1 /tge. Delayed
protons also contribute to over-subtraction of backgrounds
which produces the deficit at very low 1/ ’;%e corresponding to
tpe = 70-80 us.

The difference between the simulation and measurement
is shown in Fig. 7. The simulated teardrop has been scaled
to the estimated rate of 1200 decayss™'. Imperfect recon-
struction of the electron energy changes both the central
value of the reconstructed electron energy, and broadens the
teardrop across the horizontal axis. The effect of electron
energy loss, as in Fig. 4, is most noticeable at lower en-
ergies. Measured events near the threshold have a variable
trigger efficiency, which contribute to a bias in reconstruc-
tion of energies in the lower electron energy section of
the Dalitz plot. Missed backscattered electrons, particularly
due to missing pixels, exacerbate this distortion. Vertical
bands near 10 and 100 keV indicate a mismatch between
the simulated and real threshold, partially due to the lack

of electronic noise in simulation. The observed discrepan-
cies at low energies also indicate potential inaccuracies in
the simulated energy deposition, backscattering probabilities,
or backgrounds affecting the energy reconstruction. Fur-
thermore, the impact of the underdepleted lower detector
on electron energy and timing reconstruction was not well
characterized.

Additional f,. blurring (vertical axis) beyond the noise-
induced jitter of 250 ns measured at the University of
Manitoba appears to be present in Fig. 7. The jitter in ex-
tracting the proton timing from a waveform strongly increases
as the signal-to-noise decreases. Because the incident proton
energies were so near the threshold, small variations in the
signal-to-noise during the run led to large changes in the
jitter of fpe. A smaller disagreement in #,. can be attributed to
uncertainties in the DAQ synchronization between the chassis.
The simulations used in this result neglect variation in charge
collection time, which manifest as a timing bias. These have
not been quantified but are expected to be smaller than the 5 ns
DAQ synchronization uncertainty [55].
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FIG. 7. Difference between the Dalitz plots expected from mea-
surement and from simulation in Fig. 6.
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FIG. 8. (Top) Histogram of 1 /zge for background subtracted p-e
coincidence events with a reconstructed electron kinetic energy of
440-460 keV, for both data and simulation. The histograms are each
scaled so that the integral is one. The blue and red vertical lines in-
dicate the midpoint of the edges, and the black vertical line indicates
40 pus. (Bottom) Differences between measured data and simulation
histograms.

To quantify the level of agreement between simulation and
measurement, the edges of the measured and simulated Dalitz
plots in Fig. 6 were defined by first binning into 20 keV
wide bins in electron energy E,, and then determining the
value of 1/¢2, corresponding to the midpoint in the rising and
falling edges for each bin. A representative example of one of
these energy slices, 440-460 keV, can be seen in Fig. 8. The
resulting midpoints for upper and lower edges of the Dalitz
plots for simulation and measurement as a function of electron
energy, along with residuals, is shown in Fig. 9. The maximum
observed fractional deviation between simulation and mea-
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FIG. 9. (Top) Midpoint of the upper and lower edges of the
Dalitz plots in Fig. 6 as a function of electron energy for measured
data and simulation (without uncertainties). The orange point and as-
sociated box illustrates the maximum E, and p, point as determined
in Sec. III C 2, with their corresponding uncertainties. (Bottom) Ab-
solute differences between data and simulation for both the upper
and lower edges as a function of electron energy.

surement for the upper edge is 7.8 x 1073 and for the lower
edge is 5.6 x 1072, For an extraction of a, the slope of the
distribution will be fitted between #,e = 10 us and #,e = 40 s,
a narrower timing window than this work. The area of great-
est discrepancy along the lower edge corresponds to an area
outside this intended a analysis window of 40 us. Due to the
reduced proton energy, the fast protons (the upper edge) are
more likely to be counted than slow protons (the lower edge),
which biases the count rate at the edges of the Dalitz plot. The
data set described here is systematically limited primarily by
three effects, each on the order several percent: the missing
pixels due to hardware and electronics failures which greatly
increased the calibration uncertainty; the uncertainty in the
proton 7. due to a combination of noise-induced jitter and the
DAQ synchronization; and the bias in the teardrop edges due
to the degraded proton peak.

2. Limits on excited neutrons

We now use the observed Dalitz plot from free neutron
decay to place a limit on an exotic excited neutron state
and decay mode proposed in Ref. [17]. The excited neutron
was suggested as an explanation for the higher value for the
neutron lifetime observed in cold neutron beam experiments
compared to ultracold neutron storage experiments [12]. In a
beam experiment, the protons from decaying neutrons are ob-
served much closer in time to neutron production in a fission
or spallation process than in a storage experiment. As a result,
a much higher proportion of these decaying neutrons may
be in their hypothetical excited state. The difference between
the two measured neutron lifetimes could be due to a differ-
ence in lifetimes between the SM neutron and excited neutron.
The key observable of such an excited neutron would be ad-
ditional available decay energy or a higher mass than the SM
neutron. This energy can be released through the spontaneous
emission of a y ray with energy AE,,, a process with a char-
acteristic lifetime t,. Alternatively, this excited neutron can
decay directly to a proton, electron, and antineutrino, albeit
with extra energy in the decay products. This extra energy
would appear in the Nab spectrometer as either an increase
in the maximum proton momentum or an increase in the
maximum electron energy beyond the SM prediction.

The agreement of the maximum p, with the SM predic-
tion can be determined by comparing the observed #,. in the
Nab spectrometer with the simulated #,.. The #,. distribution
was summed over all electron energies to remove the effect
of calibration uncertainties. This comparison can be seen in
Fig. 10. A shift At between the measured and simulated #,.
distributions can be interpreted as a measurement of excess
proton momentum in neutron decay. The front edge of the 7,
distribution, #gon, for both measured data and simulation was
determined through a fit to an empirical function f (¢ ):

e_(tpe_rfmm)/kl

fltpe) =A 3

1 + e Upe—trond)/k2’
where A is the number of decays and k; and k, characterize
the sharpness of the falling and rising components of the
function. The tsy from the data was found to be 17 ns longer
than the simulated #qn. The fitting uncertainties of both the
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FIG. 10. (Top) Distribution of proton times of flight for measured
data and simulation, scaled such that the integral from 10 to 60 ps
is 1. (Bottom) Differences between measured data and simulation
histograms.

measured and simulated f#gon, combined in quadrature with
the 5 ns uncertainty in the DAQ timing synchronization, pro-
vide an overall uncertainty on the timing discrepancy between
measurement and simulation of 21 ns. To validate the empiri-
cal fit function of Eq. (3), the upper limit of the fit was varied
from 20 to 60 us. The difference in tgoq between measurement
and simulation was consistent across this fit range within this
21 ns uncertainty.

The proton time of flight in simulation depends on the
accuracy of the modeled position of the collimators defining
the neutron beam position and the position of the ground
electrode system surrounding the upper detector. The indi-
vidual components were physically measured with few mm
precision with respect to the spectrometer. Surveys were also
performed using laser tracking of multiple permanent fiducial
markers on the spectrometer bore and flanges and optical
targets inside vacuum before and after cooling the magnet.
The total uncertainty in the length of the spectrometer, taking
into account thermal contraction, is conservatively estimated
at 5 cm, as determined from the center of the neutron beam
to region where the electric field below the upper detector
becomes large. This corresponds to an uncertainty of 150 ns,
consistent with the agreement observed here. Adding a 5 cm
positional uncertainty to account for potential systematics due
to the simulation in quadrature with the observed 17 &= 21 ns
discrepancy leads to an overall shift At = 17 & 151 ns. Com-
bining this with the ~13 us minimum arrival time between
protons and electrons corresponds to a (2 £ 13) x 10~ frac-
tional discrepancy on the momentum of the fastest protons
from the simulation.

When applied to the proton momentum at the endpoint
Pp.max, this observed discrepancy corresponds to a measure-
ment p, max = 1188 &= 13keV c¢~!'. This momentum can be
related to the endpoint energy by kinematics, as at the end-
point pp max = —Pemax- Since the total available energy in
this process at the endpoint is given by m,, — m, — m,, where
the masses of the electron (m, = 0.511 MeV) and proton
(m, = 938.272 MeV) are well known [12], this measurement

of p, max 18 equivalent to a measurement of the neutron mass
m, = 939.566 £+ 0.012 MeV. As described in Ref. [17], previ-
ous measurements of m,, are of the SM neutron. At 90% C.L.,
our measurement of the neutron mass gives m, < 939.565 +
0.021 MeV, placing a limit on the available extra energy in
neutron decay.

The available energy in neutron decay was also determined
using the measured endpoint of the B-energy spectrum, with
similar precision. We do not characterize the uncertainty in the
B-energy reconstruction due to the underdepleted lower detec-
tor and the missing pixels. However, as high-energy electrons
are used for calibration and the maximum energy of the B
spectrum is used to determine the available energy in neutron
decay, sensitivity to spectral distortion is reduced. Because
of these systematic considerations, we used the S-spectrum
endpoint only as an independent check of the available energy
in the decay.

To find the endpoint energy, the expected spectrum shape
from the Geant4 simulation was used as a fit function. An
additional cut was applied to keep only coincidences with
12.5us < tpe < 40ps. The simulated energy spectrum was
histogrammed with 5 keV bins and a cubic spline was used
for interpolation to obtain a smooth function. Recoil order
corrections have a negligible effect on the endpoint and were
neglected. The simulation assumed the Fierz interference term
b = 0; a nonzero b would distort the shape of the spectrum
but not affect the endpoint. Figure 11 shows a x?2 fit of the
measured data to simulation along with the absolute resid-
uals. The total normalization, energy calibration factor, and
constant background were free parameters in the function.
The distortion of the spectrum due to imperfect energy recon-
struction is evident at low energies below 300 keV. Above the
endpoint the constant background fit parameter accounted for
a small over-subtraction of measured background, likely due
to the timing window used for estimating the background.

The uncertainty in the determination of the endpoint energy
from the fit method was conservatively taken to be 1.5% by
varying fit parameters and fit range, in particular the nor-
malization parameter to capture possible impact of missed
backscatters. Adding in quadrature the 2.5% uncertainty from
the calibration, the total systematic uncertainty in the endpoint
energy of the decay electron was 2.9%. The measured end-
point energy from the best fit was found to be 795 + 23 keV, or
a measurement of the neutron mass of m,, = 939.578 £ 0.023
MeV. This determination is consistent with the approach using
the minimum proton time of flight.

If the travel time between neutron generation due to spal-
lation and decay in our spectrometer #; is much less than the
hypothetical deexcitation time 7,,, then we will have a sample
of almost pure excited neutrons. The converse is true as well;
if 4y > 1/, our ability to measure excited neutrons is reduced
as most excited neutrons decay to SM neutrons in transit. The
number of excited neutrons Ng (7, ) and SM neutrons Nsm (7, )
starting from an initial number N, can be written as

Ne(ty) = Noe /™
Nsm(ty)) = No(1 — e"/™). )
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FIG. 11. (Left) Energy spectrum of electron events from neutron decays measured in the Nab spectrometer (black dots) and the fitted
simulated response (red line) in the range [200, 1000] keV with absolute residuals below. (Right) Zoom of energy spectrum, fit, and residuals

near the endpoint. Uncertainties are statistical.

The Nab magnet is installed about 17 m from the moderator,
and the peak flux in the neutron spectrum occurs at about
~5 A (790 m/s) [52]. This suggests a travel time #, = 22
ms between the neutron generation and decay. The Geant4
simulation of the Nab spectrometer was used to determine the
sensitivity of the . extraction to the mixing of neutrons and
excited neutrons in the decay volume. Two simulations were
used: one with only SM neutrons and one with only excited
neutrons (with 23 keV of extra energy). These two simulations
were used to find fone,sm and fgone g Where the subscripts
indicate the SM or excited neutron simulations. Intermediate
admixtures were studied by scaling the #,. histograms of these
two simulations by Eq. (4) for a range of 7,, using #; = 22 ms
and added together. The combined histogram was then also
fit to Eq. (3) to produce a tgon;,;. For each 7, this produced a
scaling factor S(t, ):

tfront, T tfront, SM

S(ty) = &)

tfmnt,E - tfrom,SM

This scaling factor was subsequently applied to the measured
At = 17ns described above for each sampled 1, to account
for intermediate admixtures of the possible excited neutron
decay. The systematic uncertainty due to the 5 cm positional
uncertainty was added in quadrature with the scaled Af to
produce a combined final limit. From this result we can place
experimental limits on the proposed excited neutron state as
shown in Fig. 12. The vertical gray bands indicate values of
7, that would not explain the neutron lifetime discrepancy.
The red, blue, and teal colored bands show direct searches
for photons at neutron sources. Our limit uses the measure-
ment of the neutron mass to exclude the available energy of
the deexcitation y, AE,, as shown. Conservation of energy
requires that the photon energy cannot be larger than the
measured mass difference. The horizontal gray bands indicate

other indirect limits using the neutron mass, as described
in Ref. [17].

To check the sensitivity of our AE,, limits to the neutron
time of flight, this procedure was repeated for times of flight
between #, = 16.5ms and #, = 27.5 ms, corresponding to a

107
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FIG. 12. Available parameter space for the energy of the y emit-
ted by excited neutrons, assuming the spallation process produces
purely excited neutrons that travel to the Nab spectrometer with a
travel time 7, = 22 ms. Other exclusion regions are described in Ref.
[17]. The neutron lifetime discrepancy can be explained by excited
neutrons for values of 7, between the vertical gray bands. See also
Ref. [70] for a slightly tighter upper limit for this region. The orange
band is the region directly excluded by the measurement of the free
neutron mass in B decay described in this work. The top end of the
plot is the approximate energy released per neutron in a fission or
spallation process; if AE, is too high, excited neutrons cannot be
generated.

035501-12



FIRST FULL DALITZ PLOT MEASUREMENT IN ...

PHYSICAL REVIEW C 113, 035501 (2026)

25% uncertainty in t;. In the region uniquely excluded by
this work, the change in the limit in AE, is not visible in
Fig. 12. The position of the left edge of our reported limit
shifts inside the red “beam coincidence” exclusion region and
the left vertical gray band.

On its own, this measurement of m,, is not competitive with
independent neutron mass measurements from the binding
energy of deuterium [71]. However, the measurement de-
scribed in this work uses free neutrons and would be sensitive
to a hypothesized excited neutron mass. This produces more
stringent limits on the available energy in neutron decay than
those from other measurements described in Ref. [17].

IV. CONCLUSIONS

The Nab apparatus was developed to precisely probe BSM
physics by looking for CKM matrix nonunitarity, scalar and
tensor currents, and exotic new physics such as dark cou-
plings. The novel asymmetric spectrometer enables a high
precision determination of the electron energy and proton
momentum from neutron decay. This work presents the first
measurement reconstructing the full Dalitz plot of unpo-
larized neutron decay above thresholds. The edges of the
“teardrop” shape indicate agreement with simulated expec-
tation at the several percent level. This result was used to
determine directly the mass of the free neutron. While this
is not competitive with the traditional method that determines
the neutron mass in a nuclear environment and corrects for
binding energy, it places a limit on the hypothesized excited
state of the neutron, which was proposed as a possible resolu-
tion to the neutron lifetime anomaly.

The Dalitz plot produced here contains the kinematic
data for all practical methods of extracting the electron-
neutrino correlation parameter a. Subsequent high-quality
Nab data sets will allow for a robust suite of benchmarking
tests for various experimental techniques, and for stud-
ies of radiative corrections without relying on integrated
observables [72].

The primary goal of the Nab apparatus is a high precision
measurement of the electron-neutrino correlation a in neutron
decay. The statistics collected in this commissioning corre-
spond to a 1.1% result, but systematic effects present in the
commissioning data set are the major limitation. This work
does not extract a value for this correlation. Disagreements
between simulations and the measured data reported here
are due primarily to three dominant systematic uncertainties:
(1) insufficient calibration data; (2) missing pixels distorting
energy reconstruction; and (3) the low proton signal-to-noise
and its resultant uncertainty in timing. The use of pristine
detectors, redesigns of electronics components, and improved
synchronization routines substantially reduced the impact of
these effects in follow-up measurements which are not re-
ported here. Beyond the immediate goals to determine a to
test CKM nonunitarity and search for a nonzero b not present
in the SM, future experiments could potentially exploit a po-
larized neutron beam to produce independent measurements
of A or other neutron decay correlations [73], or utilize the
Nab spectrometer to search for decay correlations in nu-

clear systems. The common goal is to build a more robust
dataset for the CKM unitarity test and searches for new
physics.
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