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The aCORN experiment measures the electron-antineutrino correlation a coefficient in free neutron decay.
We update the previous aCORN results [G. Darius et al., Phys. Rev. Lett. 119, 042502 (2017) and M. T. Hassan
et al., Phys. Rev. C 103, 045502 (2021)] to include radiative and recoil corrections to first order, and discuss a
key issue in the comparison of results from different a-coefficient experimental methods when these effects are
considered. The corrected combined resultisa = —0.10779 = 0.00125 (stat) = 0.00134 (sys), averaged over the
full Fermi neutron beta spectrum. The corresponding corrected result for the ratio of weak coupling constants
A =Gy/Gy is A = —1.2712 £ 0.0061, and the corresponding value of ay, useful for comparing to proton recoil

measurements, is ay =

—0.1053 £ 0.0018. This improves agreement with previous a-coefficient experiments, in

particular the 2020 aSPECT result [M. Beck ef al., Phys. Rev. C 101, 055506 (2020)].
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I. INTRODUCTION

Beta decay of the free neutron n — p + e + v, is the sim-
plest nuclear beta decay system and as such it is a useful
laboratory for precise studies of the weak nuclear force and
low energy tests of the standard model of particle physics
(SM). The key experimental features of neutron decay are
given by the formula of Jackson, Treiman, and Wyld [1], the
neutron decay probability as a function of the emitted electron
(e) and antineutrino (v) momentum vectors pe, P, and total
energies E,, E,, and the neutron spin polarization vector P
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where 7, is the neutron lifetime and E)"™* = 1292 keV is
the endpoint energy. The parameters a, A, B, and D are
experimentally measured correlation coefficients. In the SM
these depend on A = G4/Gy, the ratio of the weak axial
vector (G4) and vector (Gy) couplings between free protons
and neutrons. The Fierz interference parameter b is zero in
the SM; it would be generated by the presence of scalar or
tensor weak currents. The aCORN experiment measures the
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electron-antineutrino correlation a coefficient. Precise exper-
imental values of neutron decay parameters are important in
cosmology, astrophysics, and neutrino detection [2-5]. Gy is
used to determine the element V,,; of the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix and test its unitarity
[6]. The currently most precise determinations of A are from
the UCNA [7] and PERKEO III [8] beta asymmetry (A-
coefficient) experiments.

Recoil-order and radiative corrections to Eq. (1) enter at
about the 0.1% level (i.e., an ~1% relative contribution to the
a coefficient), important at the precision level of recent and
future experiments, especially for comparing the value of A
obtained using different methods. The purpose of this paper
is to describe and apply these corrections to previous results
of the aCORN experiment [9,10] and make a comparison to
other related experimental results.

II. RECOIL-ORDER CORRECTION

The charged weak hadronic current between a neutron and
proton contains six Lorentz-invariant terms (see for example
Ref. [11]),
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where g = p; — p» is the four-momentum transfer and M,, is
the neutron mass. The form factors fi, f>, f3 are associated
with the vector weak current V* with f(¢g> — 0) = Gy. The
recoil order f>, f3 terms are smaller by a factor of ¢/M, ~
1073, Similarly the form factors g;, g», g3 are associated
with the axial vector weak current A* with g;(¢g> — 0) = Gy,
and g, g3 at recoil order. In the SM the “second class” cur-
rents g, and f3 and the induced pseudoscalar form factor g3
are known to be very small, so we will omit them in what
follows. According to the conserved vector current (CVC)
hypothesis [12,13] of the SM, the f, “weak magnetism” factor
must equal the corresponding magnetic form factor in the
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electromagnetic current and so is given by the difference of
the anomalous magnetic dipole moments of the proton and
neutron.

The beta decay matrix element including the weak
hadronic and leptonic currents is

M = ZZ(p(p)IV* — A n(py)) [#e(Pe)yu (1 + y5)u, (py)].
3)

§|Q

Harrington [14] derived the beta-decay differential decay rate

[C2pe + C3pu + C4(pe X pv)]]dEedQedQv’ (4)

where Gr = 1.16638 x 10~ GeV~? is the Fermi weak coupling constant. The C; are complicated expressions, defined in
Ref. [14], that contain the form factors of Eq. (2) and 6,, is the angle between the electron and antineutrino momentum vectors
in the decay frame. Equations (1) and (4) can be related by expanding Eq. (4) in (¢/M,,) and adding the first recoil order terms
to the correlation coefficients in Eq. (1), which then become functions of E,. The result for the a coefficient has been given by

several authors [15-17]:
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Here R =E™*/M, = 1.37539 x 1073, € = (m,/M,)* =
295792 x 1077, x = E,JE™, B = /1 — (m,/E.)*, fo = f>
(0)/f1(0) = 1.85295, and m, is the electron mass. The
approximation ¢> ~ 0 is appropriate here because the g°
dependence of the form factors enters at next-to-leading
recoil order.

Because the recoil correction is theoretical in nature, the
uncertainty in the correction is dominated by the neglect of
second order and higher recoil effects in Eq. (5), which is
about 107, negligible compared to the statistical uncertainty
of the result.

III. RADIATIVE CORRECTION

We will focus on the “outer” radiative correction that af-
fects the beta spectrum and decay correlations such as the
a coefficient. This correction accounts for virtual photons
exchanged between final state particles (proton, electron)
as well as real bremsstrahlung photons that are emitted. A
recent paper [18] emphasized that the outer radiative cor-
rection for an a-coefficient measurement depends on the
experiment. In particular a different result is obtained if the
photon degrees of freedom are integrated while fixing the
antineutrino momentum (referred to as “neutrino type” in
Ref. [18]) compared to the calculation where the proton mo-
mentum is fixed (“recoil type”). Both types can be found in
the literature on beta decay radiative corrections, but in any
practical neutron decay a-coefficient experiment the proton is
detected, not the antineutrino, so the recoil type correction is
needed.

(

The presence of a real bremsstrahlung photon changes the
final state kinematics from three-body to four-body. This is
significant for experiments such as aCORN that determine
the a coefficient from a momentum correlation between the
electron and recoil proton. Because the cold neutron effec-
tively decays at rest and the antineutrino is not observed,
we have pe - py = —Pe - (Pe + Pproton)- If a bremsstrahlung
photon with momentum k is added to the final state this be-
comes Pe - Py = —Pe * (Pe + Pproton + K) and averaging over
k makes the observed electron-antineutrino correlation differ
from that implied by Eq. (1). The result is very sensitive to
details of the experiment so the radiative correction must be
included in the experimental analysis; it cannot be simply
applied after the fact.

IV. CORRECTIONS TO THE aCORN RESULT

The aCORN neutron decay experiment ran on the
NG-6 and NG-C cold neutron beam lines at the NIST Center
for Neutron Research from 2013 to 2016. The collabora-
tion published a combined result for the a coefficient with
uncertainty 1.7% in 2021 [10]. Details of the method, ex-
perimental apparatus, data analysis, and systematic effects
can be found in previous publications [9,10,19-21]. aCORN
detects the beta electron and recoil proton from neutron decay
in delayed coincidence. For each coincidence event the beta
energy and proton time-of-flight (TOF) relative to electron
detection are recorded and plotted as shown in Fig. 1. The
momentum acceptances created by the aCORN magnetic field
and collimators cause these events to form a wishbone-shaped
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FIG. 1. A plot of proton TOF vs electron energy for Monte Carlo
aCORN data. The asymmetry in count rate of the upper and lower
branches of the wishbone is used to determine the a coefficient.

distribution with the lower (upper) branch containing decays
where the electron and antineutrino were emitted into the
same (opposite) hemisphere. For a vertical slice at each elec-
tron energy, the “wishbone asymmetry” X (E) of the lower
(N') and upper (N'') branch event rates is approximately
proportional to the a coefficient times a geometric function
f4(E), a momentum space acceptance function that depends
on the magnetic field shape and collimator geometry

NI _NII
X(E) = NN af.(E)[1+ 81(E)]+ 82(E)  (6)
with
fa(E) = 3v[¢"(E) — ¢"(E)] @)
and
Do [dQ [,dS2, cos b,
P (E) = o, ,
[dR, [,,dQ, cosb,,
¢"(E) = gegg » ®)

and v is the electron velocity in units of c. Equations (8)
can be understood as the average value of cos6,, over the
momentum acceptances for lower branch (I) and upper branch
(IT) events. They are computed as a function of electron en-
ergy by Monte Carlo integration. The small energy-dependent

correction §; (E) is given by
8i(E) = —3av[¢(E) + ¢" (E)] ©)

and has a numerical value <5 x 1073, The other small energy-
dependent correction §,(E) is the piece of the wishbone
asymmetry X (E) that is independent of the a-coefficient. It
arises when the proton kinetic energy, about 0.1% of the
beta decay energy, is included. It also obtains a contribution
from the momentum of inner bremsstrahlung photons in the
radiative correction.

It is important to note that our strategy in analyzing the
data was to regard the experimental inputs to the calculation
of f, and §, as ideal; for example a uniform magnetic field and
perfect collimator alignment are assumed. Therefore there are
no experimental uncertainties associated with these parame-
ters. We analyzed many individual experimental effects such
as the magnetic field shape, collimator alignment errors, and
others as systematic corrections and uncertainties and applied
them directly to the final result, in some cases via their affects
on f, and §,. These are summarized in the error budget in
Table I of Ref. [10] which is still valid for the updated result
described here.

Due to the electron and proton transverse momentum con-
straints in aCORN, analytical or semianalytical calculation of
the bremsstrahlung integral part of the radiative correction
is very difficult, so instead we used a Monte Carlo method.
Many (order 10'3) neutron decay events without and with
bremsstrahlung photons were generated and selected using the
momentum constraints in a model of the aCORN experiment.
We used the recently written C++ Monte Carlo code called
GENDER [GEneration of polarized Neutron (and nuclear beta)
Decay Events with Radiative and recoil corrections] [22].
The Monte Carlo generation method is similar to the older
FORTRAN code that is described in Ref. [23]:

(1) Electron and neutrino direction vectors are gener-
ated for zeroth-order and virtual soft bremsstrahlung
events with three-body decay kinematics. Here the
bremsstrahlung photon energy is very small.

(2) Electron, neutrino and photon direction vectors are
generated for hard bremsstrahlung (BR) events with
four-body decay kinematics.

(3) Importance sampling is used in the case of hard BR
generation.

Nevertheless GENDER contains some improvements: rela-
tivistic kinematics are exact, both in the soft and hard
bremsstrahlung cases; and recoil-order corrections are in-
cluded in the zeroth-order calculations. In GENDER there are

TABLE I. A summary of results for ay and A from neutron a-coefficient experiments. In the case of aCORN, qj is calculated from A using

Eq. (16).

Experiment Year Ref. Method ap A
Stratowa et al. 1978 [28] p spectrum —0.101 £ 0.0051 —1.259£0.017
Byrne et al. 2002 [27] p spectrum —0.1054 £ 0.0055 —1.271 £0.019
aSPECT 2020 [29] p spectrum —0.10430 £ 0.00084 —1.2678 £ 0.0028
aCORN 2023 this work asymmetry —0.1053 £ 0.0018 —1.2712 £ 0.0061
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FIG. 2. Top: The aCORN geometric function fz(E), that in-
cludes the outer radiative correction. Bottom: The ratio of fz(E)
and the uncorrected f,(E).

two possibilities (C++ class member functions) for the neu-
tron decay event generation: unweighted and weighted event
generators. The unweighted event generator is easier to use
but leads to larger statistical errors for the radiative correc-
tions. On the other hand, the weighted event generator is
somewhat more demanding to use but the radiative corrections
have much smaller statistical errors. GENDER was thoroughly
tested using various test computations such as comparisons
with analytical radiative correction results in the literature (see
Ref. [24] and references therein), and comparisons with var-
ious numerical radiative correction results [24]. The GENDER
code results are also in good agreement with the analytical
radiative correction results of reference [25].

Figures 2 and 3 show the results of our calculations
for the order-« outer (model-independent) radiative-corrected
aCORN functions f,z(E) and 8, (E) and comparisons to the
uncorrected versions f,(E) and §,(E) for 15 electron energy
bins (each bin has 20 keV width). For these computations
we used the GENDER weighted event generator. Due to the
presence of the bremsstrahlung photons and their influence
on the decay kinematics, the radiative correction results are
generally sensitive to experimental details; this statement is
especially pertinent for the aCORN experiment. Figure 4
shows the axial velocity distribution of neutron decay protons
for the 110-130 keV electron energy bin for two cases: the
zeroth-order calculation without bremsstrahlung photons, and
when a bremsstrahlung photon >20 keV was emitted. One
can see that without photons the low and high velocity peaks
are clearly separated, but with higher energy photons there
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FIG. 3. The aCORN correction function §, with and without the
radiative correction.
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FIG. 4. Top: The Monte Carlo aCORN proton axial velocity dis-
tribution, without the radiative correction, for wishbone events with
beta energy 110-130 keV. Bottom: The same distribution with the
radiative correction, where a hard bremsstrahlung photon of energy
>20 keV was emitted in the decay (note change of vertical scale).
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FIG. 5. The ratio of Monte Carlo wishbone asymmetries with
the radiative correction X and without X, calculated three different
ways: using the GENDER code and separating the wishbone branches
simply by the average proton energy (GENDER 0); using the GENDER
code and separating the wishbone branches at the same points used in
the aCORN analysis (GENDER 1, the correct method); and using the
semianalytical formulation in reference Gliick93 [24] which does not
consider the proton energy acceptance of the experiment.

are events also between the peaks. Therefore both the sign
and magnitude of the radiative correction to aCORN depends
sensitively on how the wishbone branches are separated in
the analysis and care must be taken to do this correctly. To
illustrate this point, Fig. 5 shows three different results for the
ratio of Monte Carlo wishbone asymmetries Xg (with radiative
correction) and X, (without). For the green dashed line labeled
“GENDER 0” the wishbone branches were separated simply by
the average proton energy. For the red solid line labeled “GEN-
DER 1” the wishbone branches were separated at the same
points used in the aCORN analysis, which were optimized to
minimize the systematic error. This is the result appropriate
for the aCORN correction. As a comparison, the blue dotted
line shows the result using the semianalytical formulation in
Ref. [24], Sec. 4 (Table 5). In that calculation, the electron
energy and the experimentally defined electron-neutrino angle
(Eq. (4.1) in Ref. [24]) are fixed and the proton energy is
integrated out during the bremsstrahlung photon phase space
integration part of the radiative correction calculation. There-
fore, although having some kind of similarity with the aCORN
experimental details, this radiative correction calculation can-
not be applied for the analysis of the aCORN experiment
where the proton’s transverse energy is constrained.

With the radiative-corrected functions f,z(E) and 6g(E)
in hand, the data are analyzed in the same manner as described
in Ref. [10]. The experimental result for the a coefficient is
found from the wishbone asymmetry in each energy bin with

W(E) = X(E) — 0r(E) . (10)

Jar(E)[1 + 8, (E)]
The result a(E) for the NG-6 data is shown in Fig. 6. Here
the simple average of X(E) for the magnetic field up (Byp)
and down (Bgown) data was taken to correct for the observed
difference we attributed to residual neutron polarization (see
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1 |n =1976/14=1.41 r
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i ] o C
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& ] } r
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FIG. 6. A weighted average of the experimental a-coefficient
data, including the outer radiative correction, from the NG-6 run.

the discussion in Ref. [9]). These were fit to a constant to
obtain the weighted average of the a-coefficient. Figure 7
presents a similar analysis of the NG-C data, except the By,
and Bgown data are shown separately and fit together, as the
residual polarization on NG-C was found to be negligible
[21]. Combining the NG-6 and NG-C results, including the
systematic uncertainties discussed in Refs. [9,10], we ob-
taina = —0.10785 £ 0.00125 (stat) + 0.00133 (sys) which is
essentially unchanged from the combined aCORN result re-
ported in Ref. [10]. While one may expect a priori to see
a shift in the a coefficient at the level of 1% due to the
radiative correction, both the direction and magnitude of
the shift depend sensitively on details of the experiment. In
the case of aCORN the corrections to f,(E) and §,(E) are
small and work in opposite directions. We also discovered
and corrected a small inaccuracy in the method of calculating
8,(E) in Ref. [10] that causes a 0.2% change in the result. The
combination of all these happen to effectively cancel.

To assign an uncertainty to the radiative correction, we
follow the same policy described in Ref. [10] to apply a
standard 20% relative uncertainty to each correction obtained
by a Monte Carlo calculation. Monte Carlo uncertainties are
difficult to estimate accurately, but we believe 20% to be a

1004 JE A N O A I A A A

] [a= 010762 = 0.00136 (stan) NG-C data [

1% =32.53/29=1.12 r
0.05 — —

1 ] i
S i L
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; 1 t I
015 7 ® B, L

1  © Biown i

-0.20 LI L L L L L L L B BB
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electron energy (keV)

FIG. 7. A weighted average of the experimental a-coefficient
data, including the outer radiative correction, from the NG-C run.
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FIG. 8. A fit of the experimental a-coefficient data from the NG-
6 run, including the outer radiative correction, to the recoil corrected
function a(E,, A) of Eq. (5), varying X as a free parameter.

generous overestimate. Because the radiative corrections to f,
and &, tend to cancel here, we assign each a separate 20%
uncertainty and add those in quadrature. This gives o,(Rad) =
1.6x10~* which is added as a systematic uncertainty to our
result.

To include the first recoil order correction, we fit the
experimental a-coefficient data in Figs. 6 and 7 to the energy-
dependent function a(E,, 6,,, 1) given by Eq. (5), varying A as
a free parameter to minimize the chi-squared value. In Eq. (1)
we are concerned with the decay correlation that is linear in
cos6,,, so it is appropriate to average over the domain of
cos 6, in Eq. (5) to remove the quadratic dependence in the
last term. For all neutron decays, and in most previous exper-
iments, this averages to zero. For aCORN, due to the limited
momentum acceptances for detecting protons and electrons,
the average is nonzero and energy dependent. This average,
calculated by Monte Carlo, has been included but it is negligi-
bly small: the last term in Eq. (5) makes a relative contribution
of 0.3% to the full recoil correction. The results of these fits
are shown in Figs. 8 and 9. They are in good agreement so
we combine them to give an overall result for A, including the
systematic uncertainties described in Refs. [9,10]:

A =—1.2712 £ 0.0061. ar)

With this result for A we can update our combined result for
the a coefficient using Eq. (5) with a weighted average over
the aCORN energy range 100-380 keV

(@) = —0.10785 % 0.00125 (stat) & 0.00134 (sys).  (12)

An alternative way to present this result, that may be generally
more useful given the energy dependence at recoil order, is
the extrapolated average value of the a-coefficient weighted
by the full theoretical Fermi beta spectrum for neutron decay,

0.00 RN RN RN EEEN SRR R NN REE NS SRR R
1 |r=1.2704 = 0.0046 (st C
113 (stat) NG-C data |
1 1. =30.90/29 = 1.07 -
-0.05 — —
< ] C
w010 j'le{Irrftﬁzzr N
] L2 1 T :
-0.15 — O NG-CBup B
] ® NG-CBdn r
4 — bestfita(E.,h) |
-0.20 —FrEE T
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electron energy (keV)

FIG. 9. A fit of the experimental a-coefficient data from the NG-
C run, including the outer radiative correction, to the recoil corrected
function a(E,, A) of Eq. (5), varying X as a free parameter.

for which we introduce the notation a
a = —0.10779 £ 0.00125 (stat) = 0.00134 (sys). (13)

We note that adding the recoil effect had a very small effect on
the value of the a coefficient because the energy dependence
is relatively weak, but the resulting value of A due to the
combined radiative and recoil corrections shifts by 0.66%
relative to that reported in Ref. [10].

V. COMPARISON TO PREVIOUS EXPERIMENTS

Previous experiments since the 1970s obtained the a co-
efficient from the shape of the neutron decay recoil proton
energy spectrum. Before making a comparison we will briefly
review what those experiments measured and how they differ
from aCORN. The theoretical proton recoil spectrum, correct
to first recoil order, was derived by Pietschmann [26] and
Nachtmann [16]:

GZ E®
N(T) = L~ F(E. —m.){2(A — E)E.(1 + %)
473 ED
1
— E(A2 —m)(1 =2+ (1 - AZ)MnT}dEe,
(14)
where
2 2
E(I.Z) — (AF V 2MPT) + (15)

¢ 2(AF/2M,T)

are the limits of the kinematically allowed range of E, for a
given value of the proton kinetic energy 7. Here A = M, —
M, is the neutron-proton mass difference. The Fermi function
F(E, — m,) includes Coulomb corrections. Note that Eq. (14)
depends on A2 but not directly on the neutron a coefficient of
Eq. (1). Now defining [27]

1 — 22

R I Ve

(16)
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FIG. 10. A summary of the results for A = G4 /Gy from neutron
a-coefficient experiments. The horizontal line is the weighted av-
erage: A = —1.2686 £ 0.0025. The shaded region shows the 2022
PDG recommended value A = —1.2754 + 0.0013.

Eq. (14) can be rewritten as [28]

Gy M, 1 EZSZ)FE 4(A—E,)E, dE,
47_’:3 1—{—361() - ( e_me) ( - e) e e

N(T) = (1)

e

£
+ ap / o FE —m)[4(A — E)E,
Eﬂ

— 2(A* —m?) +4M,T] dEe}. (17)

Previous experiments that obtained the neutron a-coefficient
from the recoil proton spectrum [27-29] measured ag as de-
fined by Egs. (16) and (17) [complete to first recoil order per
Eq. (14)]. Experiments that obtain the a coefficient from the
angular correlation of beta electrons and recoil protons, such
as aCORN and the currently running Nab experiment [30]
measure a(E,, 6,,, ) given by Eq. (5) to first recoil order.

These are not the same, but are equivalent functions of A2
when recoil order terms are omitted. In particular a(E,, 6,,, 1)

is a function of electron energy and depends in first recoil
order on the weak magnetism form factor f,, while ay does
not. This distinction has often been disregarded in the previous
literature, where “a” was typically used to refer both. Here
we will use ag to refer to the expression in Eq. (16), and a
to refer to the result measured by aCORN averaged over the
Fermi beta spectrum and B cos 6, as described in Sec. IV. We
emphasize in this context that ay and a, while different, are
both complete to first recoil order.

In light of this it is not meaningful to directly compare
the aCORN result for a@ to ap measured by the proton re-
coil spectrum experiments. It is better to compare the results
for X, or equivalently ay, determined by all the experiments.
This comparison is shown in Table I, and for A in Fig. 10.
The aCORN result for ag, calculated from X using Eq. (16),
differs from the a result Eq. (13) by 2.4%. Results from
these four experiments are in good agreement and yield the
weighted average A = —1.2682 % 0.0025. There is some ten-
sion between this and the Particle Data Group (PDG) 2022
[31] recommended value A = —1.2754 4+ 0.0013 (expanded
uncertainty). The a-coefficient average disagrees with the
PERKEO III beta asymmetry result [8], A = —1.27641 +
0.00056, by more than 3¢, a discrepancy driven mainly by
the aSPECT result [29].
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