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Abstract
Studies of low-energy processes, such as neutron beta-decay, contribute
important information regarding different aspects of physics including nuclear
and particle physics and cosmology. The information from these systems
is often complementary to that obtained from high-energy sources. Neutron
decay is the most basic charged-current weak interaction in baryons. Precise
measurement of the parameters characterizing it can be used to study the
standard model as well set limits on possible extensions to it. This paper gives
an overview of some of the basic features of neutron beta decay and summarizes
the status of some recent developments.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Despite the success of the standard model (SM), it is widely thought to be incomplete and part
of some larger description of the physical world. It does not contain gravity; it does not predict
the masses of quarks and leptons or the coupling constants; and it does not explain the baryon
asymmetry of the universe. One aim of experimental physics is to perform measurements
in a variety of systems where one may find deviations from predictions of the SM or a
new phenomenon that may provide theorists with additional clues to answer some of these
questions. The neutron is one such system where one may test the robustness of the SM while
probing for hints of new physics. These tests fall into the category of precision measurements,
and in contrast to high-energy scale experiments, they may indicate a failure of the SM but do
not directly specify the new physics.

Neutron beta decay is the process in which a neutron is transformed into a proton, electron
and electron antineutrino. This process is well described by the charged weak current model
[1–3] as a left-handed, purely V –A interaction. Studying the rate at which this process
occurs and the angular correlations among the decay products provides insight into this
basic semileptonic decay. As the prototypical nuclear beta decay, it is sensitive to certain

0954-3899/09/104001+36$30.00 © 2009 IOP Publishing Ltd Printed in the UK 1

http://dx.doi.org/10.1088/0954-3899/36/10/104001
mailto:jnico@nist.gov
http://stacks.iop.org/JPhysG/36/104001


J. Phys. G: Nucl. Part. Phys. 36 (2009) 104001 J S Nico

e-(pe,Ee)

p(pp,Ep)

ν

n

J

(E )

Figure 1. Decay of the neutron showing its currently accessible observables. Ei and pi are the
energies and momenta, and J and σ are the polarization of the neutron and electron, respectively.
Other observable quantities are the angles among the spins and outgoing momenta.

SM extensions in the charged-current sector. Neutron decay can determine the Cabibbo–
Kobayashi–Maskawa (CKM) matrix element Vud through increasingly precise measurements
of the neutron lifetime and the decay correlation coefficients.

Experiments in neutron decay test SM assumptions by measuring the lifetime and
performing measurements on the many angular correlations of the decay products. These
observables include the proton and electron energy and momentum, the electron spin, the
neutron spin and the angles among the polarized particles, as depicted in figure 1. Direct
detection of the antineutrino is not practical, but conservation of energy and momentum
allows its kinematics to be inferred from the other decay products. The decay has sensitivity
to possible right-handed currents, scalar and tensor terms in the weak interaction, and time-
reversal violating correlations. Neutron decay is a good system in which to study discrete
symmetries of nature. The symmetries of charge conjugation (C), parity inversion (P) and
time invariance (T ) are of particular interest to theorists. Parity was found to be maximally
violated in the weak interaction [4] through the investigation of decay correlations [5, 6].
Studies of CP violation (and equivalently T violation through the CPT theorem) are possible
because of angular correlations among the neutron decay products. To date, all experiments
are consistent with the SM and the V –A description of the weak interaction. Thus, owing to
this success between experiment and theory, both are continually challenged to improve their
precision because any such effects would reveal themselves only as very small deviations from
the SM.

Within the SM, neutron decay is viewed more fundamentally as the conversion of a
down quark into an up quark through the emission of a virtual W gauge boson. The reaction
d + νe ↔ u + e− is fundamental to a host of physical phenomena including primordial
element abundance, solar burning and neutrino cross sections. Neutron decay influences the
dynamics of big bang nucleosynthesis (BBN) through both the size of the weak interaction
coupling constants and the lifetime. The couplings determine when weak interaction rates
fall sufficiently below the Hubble expansion rate to cause neutrons and protons to fall out
of chemical equilibrium. The neutron-to-proton ratio decreases as the neutrons decay, and it
follows that the neutron lifetime determines the fraction of neutrons available for light element
formation, primarily 4He [7], as the universe cools. The value of the lifetime plays a critical
role in the balance between protons and neutrons, and it remains the most uncertain nuclear
parameter in cosmological models that predict the cosmic 4He abundance [8, 9].
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The physics that one may access using neutrons in contexts other than beta decay is
extremely diverse and beyond the scope of this paper, which focuses on reviewing some of
the physics that one addresses by observing the decay of the neutron. Section 1 gives some
of the basic properties of the neutron and a brief digression on cold and ultracold neutrons,
which are the sources for all modern experiments. Section 2 is an overview of the theoretical
foundation of neutron beta decay. Strategies to measure the lifetime and the status of some
experimental efforts are presented in section 3, and a similar treatment is given for correlation
coefficients in section 4. Lastly, section 5 discusses recent efforts to look at other decay modes
of the neutron.

The paper confines itself to the physics where experiments are currently accessible (or
very nearly so), and more detailed considerations may be found in the references and many
excellent reviews. Both theoretical and experimental activity in neutron physics have increased
noticeably in recent years, and several reviews address the current state of many of these topics
[10–15]. There are several textbooks that cover that breadth of neutron physics [16–19]
and fundamentals of weak interaction theory [20–22]. In addition, the proceedings of
recent international conferences also describe many experiments, measurements in progress
and experimental concepts [23–26]. Finally, neutron decay is, of course, a subset of
the larger class of beta decay. Much of the same physics is accessible by beta-decay
experiments performed with nuclei, and discussions of those experiments may be found
elsewhere [14, 27].

1.1. Basic physical properties

After the discovery of the neutron by Chadwick in 1932 [28], an experiment was performed
by Chadwick and Goldhaber in which they irradiated deuterons with gamma radiation [29].
This irradiation caused the photo-disintegration of the deuteron into its constituent proton and
neutron. By measuring the energy released in the reaction and knowing the masses of the
deuteron and proton, they were able to estimate the mass of the neutron. The precision of the
experiment was sufficient to determine that the mass of the neutron was greater than that of
the proton. The implication of this discovery was that it is energetically allowed for the neutron
to decay. Although it was more than a decade later before Snell and Miller first observed the
decay of the neutron [30], the usefulness of neutron decay and beta decay in general, as a tool
for studying the theory of the weak interaction was clear.

In 1930, Pauli proposed the existence of the neutrino to resolve the problem of the
continuous energy distribution of electrons emitted in beta decay. With this postulated neutral
and massless particle, Fermi was able to advance a theory of beta decay [31] using the weak
interaction based on existing concepts of electrodynamics. Beta decay could be viewed as a
four-fermion interaction n → e− + p + ν̄e where the vertex occurs at single point in spacetime,
as illustrated in figure 2(a).

In leading recoil order, the total energy Q available for the decay is

Q = (mn − mp − me−)c2 ≈ 782 keV. (1)

The energy is distributed among the decay particles, and the properties of the particles largely
drive the kinematics of the decay process. Figure 3 shows the kinetic-energy distribution for
the three-body decay of the neutron. The mass difference between the neutron and proton is
small, (mn − mp)c

2 = 1.293 MeV, particularly in comparison with their masses which are
of order 1 GeV. Because of the very small mass difference, the only possible decay channel
available for W is the electron with its mass of 0.511 MeV/c2. Two logical candidates, the pion
(Mπ− = 139.6 MeV/c2) and muon (Mμ− = 105.7 MeV/c2), are energetically disallowed.
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(a) (b)

Figure 2. Neutron decay as (a) a Fermi four-point interaction and (b) at the quark level.

(a) (b)

(c)

Figure 3. Spectra of the kinetic-energy distribution for the (a) electron, (b) proton and (c)
antineutrino.

Another consequence of such a small mass difference is that it makes the recoil parameter
of the decay small. The ratio of mass difference to the total mass gives an estimate of the
recoil parameter of ∼10−3, and hence the momentum transfer is negligible. This leads to the
unusually long lifetime of the neutron of about 15 min. (Consider the muon, more typically,
where the recoil parameter is nearly unity and its lifetime is 2.2 μs.) The neutron–proton mass
difference is comparable to the binding energies within nuclei, and thus the energy available
for decay (i.e., its lifetime) will depend significantly on the nuclear environment. Hence, a
bound neutron can have a wide range of lifetimes, including being stable.

With the assumption that neutron decay is pointlike, there is no change in total orbital
angular momentum, and one can consider the selection rules for allowed transitions between
initial and final states. If the electron and antineutrino spin are aligned with total spin 0, then
the proton must have the same spin as the neutron. A decay in which the change in spin and
isospin is zero (|�J | = 0 and |�I | = 0) and there is no parity change is referred to as a Fermi
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decay. If the electron and antineutrino spins are aligned with total spin 1, however, the proton
couples to three possible spin states determined by Pauli spin matrices. These decays can
change the spin and isospin by 0 or 1 (|�J | = 0, 1 but with Ji = 0 → Jf = 0 forbidden and
|�I | = 0, 1) and are known as Gamow–Teller decays. As all of these channels are available
to the neutron, it is known as a mixed Fermi/Gamow–Teller transition.

One might think that the probabilities of these decays occur in the ratio of 3:1, but
there is a small deviation that is a measure of the difference in the coupling strengths of the
two decay channels. The ratio is instead parametrized by a factor such that 3λ2:1, where
the value of λ is determined experimentally to be 1.2695 ± 0.0029 [32]. Physically, this
difference in the coupling strength arises from nucleon structure effects, or in other words, the
assumption that the decay constituents are pointlike is not precisely correct. The value of λ is
a sensitive probe of the inner dynamics, and its study is one of the prime aims of beta-decay
experiments.

1.2. Sources for neutron experiments

With such a long lifetime, neutrons must be produced in very large quantities in order to
produce usable rates of decay particles. Experiments are therefore performed at facilities that
are able to produce such quantities through either nuclear fission or spallation. In either case,
neutrons are liberated from nuclei with MeV-scale energies and then moderated over many
decades of energy to thermal energy and below. High-energy neutrons are not useful for
beta-decay studies for many reasons, the two most obvious being that they are very difficult
to collimate and with such large velocities very few decay within a detector.

The most intense sources of neutrons for experiments near thermal energies are
nuclear reactors, and accelerators can produce higher energy neutrons by spallation. Both
thermodynamic and optical language are frequently used to describe different energy regimes;
for example, a neutron with a kinetic energy of 25 meV is also referred to as being at 300 K
or having a de Broglie wavelength of 0.18 nm. Because a neutron’s thermal wavelength is
comparable to interatomic distances, this energy also represents the boundary below which
coherent interactions of neutrons with matter become particularly important. This phenomenon
is the reason for the existence of the field of neutron optics (for example, see [33]), and more
directly, it permits the implementation of neutron guides that greatly enhance the number of
neutrons available for experiments.

Modern experiments involving neutron decay use either beams of cold neutrons or
ultracold neutrons (UCN) confined via materials, magnetic fields, gravity or some combination
of the three. Cold neutron beams have energies between 0.05 meV and 25 meV, which are
equivalent to temperatures from 0.6 K to 300 K or equivalently wavelengths of 4 nm to 0.18 nm.
For a cold neutron beam or UCN, the momentum of the neutron is very small with respect to
the decay proton (|pn|/|pp| ∼ 10−3), and for many classes of experiments the neutron may be
considered to be at rest.

While neutron beams can be very intense in terms of the total fluence rate
(∼1010 cm−2 s−1), the long lifetime renders most of those neutrons unusable. It is one
of several factors that make neutron-decay experiments difficult. The scale of the number
of usable decays is set by the lifetime τn (≈900 s) and the observation time t in the factor
e−t/τn . For a typical neutron-decay experiment using a cold beam of average wavelength
0.5 nm, the observation time is about a millisecond, and thus the factor is of order 10−6.
The situation is even more difficult because those neutrons that do not decay may produce
backgrounds. Neutron activation is a particularly pernicious problem. Beam neutrons may
capture on the materials used in the construction of the apparatus, potentially creating large
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amounts of radiation, particularly in comparison with the number of beta-decay events. Thus,
experiments must be carefully designed to shield the detectors from these background sources.

In the neutron energy spectrum from a cold moderator, there is a very small fraction whose
energies lie below the ∼10−7 eV neutron optical potential of matter. Such neutrons are called
ultracold neutrons, and they can be trapped by total external reflection from material media.
The existence of such neutrons was established experimentally in the late 1960s [34, 35]. By
confining UCN within the experimental apparatus, one eliminates the biggest neutron loss
mechanism of beams: namely, that of neutrons exiting the experiment before decaying. The
cost, however, is the very low population of neutrons that exists far out on the low energy tail
of the Maxwell–Boltzmann distribution of a cold moderator. Presently, cold beams produce
significantly higher rates of neutron-decay events than the best UCN sources. Regardless,
the highest decay rate within the apparatus may not be most important consideration, and
UCNs may be preferable for systematic or technical reasons. In addition, new types of UCN
converters have been developed that can increase the phase-space density through the use of
‘superthermal’ techniques [36]. They involve energy dissipation in the moderating medium
(through phonon or magnon creation) and can therefore circumvent Liouville’s theorem and
increase the phase-space density of the UCN. In effect, the bulk of the energy of the neutron is
dissipated in the medium, and the resulting energy of the neutron is sufficiently low that it can be
confined with magnetic fields via its interaction with the neutron magnetic moment. Superfluid
helium [37] and solid deuterium [38] have been used most successfully as superthermal UCN
sources, and other possible UCN moderating media, such as solid oxygen, are also being
studied [39].

2. Overview of neutron beta decay

2.1. The lifetime

Our understanding of the neutron has improved tremendously through its description within
the standard model. It is considered to be composed of two down quarks and an up quark,
and it is stable under the strong and electromagnetic interactions. The weak interaction can
convert a down quark into an up quark through the emission of a virtual W gauge boson (see
figure 2(b)). In quantum mechanics, Fermi’s golden rule states that the transition rate (i.e.,
inverse of the lifetime τ ) from an initial to final state is given by

W = 2π

h̄
|M|2ρ, (2)

where |M| is a matrix element describing the interaction and ρ is the density of final states.
That concept can be extended in field theory, and with an assumption that only vector and
axial-vector currents are involved, one can construct a matrix element describing neutron
decay in the standard model as a four-fermion interaction composed of hadronic and leptonic
matrix elements. A current in the weak interaction may be described by

ig

2
√

2
ψ̄1γμ(CV + CAγ5)ψ2, (3)

where ψi are field operators and γμ are the gamma matrices. g is the weak coupling constant
and, at level of fundamental fields, can be viewed analogously to the electric charge e in
quantum electrodynamics. As noted, free neutron decay is well described by a mixed
Fermi/Gamow–Teller transition; Fermi decays arise from vector currents while Gamow–Teller
decays arise from axial-vector currents. The relative strengths of the two are characterized by
two coupling strengths, CV and CA. These strengths are CV = +1 and CA = −1 for the weak
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interaction in leptons, and it is assumed that C ′
V /CV = C ′

A/CA = +1. This is the origin of
the description of the interaction as V − A (vector minus axial vector) theory.

This is not the situation for hadrons where the strong interaction alters the decay of the d
quark. For zero momentum transfer, the conserved-vector-current (CVC) hypothesis requires
CV = +1, but the axial vector coupling can be modified and need no longer be −1. This
factor is not known and must be determined empirically. There is one other factor that alters
the hadronic portion of the interaction because the strong eigenstates are not exactly the weak
eigenstates. The physical implication of this is that the coupling between the up (u) and down
(d) quarks is weakened by a constant factor known as Vud, the first element of the CKM matrix
(discussed further in section 2.3). Because the momentum transfer is so small with respect to
the mass of the W boson (MW), the propagator can be represented by gμν

/
M2

W . Thus, one
can write the decay matrix element for both the leptonic and hadronic matrix elements as

M = ig

2
√

2
Vudψ̄uγμ(CV + CAγ5)ψd

gμν

M2
W

ig

2
√

2
ψ̄eγ

μ(1 − γ5)ψν, (4)

where ψu,d,e,ν are the up, down, electron and antineutrino fermion fields. In low-energy
limit W is subsumed into a constant defined as

√
2g2

/(
8M2

W

)
and known as the Fermi

coupling constant. It is experimentally determined from muon decay to be GF/(h̄c)3 =
1.166 37(1) × 10−5 GeV−2 [32]. The weak coupling strengths can also be subsumed into two
new constants gV,A ≡ CV,A(q2 → 0)VudGF, and equation (4) can be written as

M = iψ̄pγμ(gV + gAγ5)ψngμνψ̄eγ
μ(1 − γ5)ψν. (5)

Using this matrix element, one can evaluate the neutron decay rate to be

W = τ−1 = m5
ec

4

2π3h̄7 |M|2f, (6)

where

f =
∫ E0

0
F(Z,E′

e)p
′
eE

′
e(E0 − E′

e)
2 dE′

e (7)

is a phase-space statistical factor. Here p′
e and E′

e are the electron momentum and energy,
respectively, and E0 is the electron endpoint energy. The factor f includes a correction for
the Coulomb attraction of the final states known as the Fermi function, F(Z,E′

e). Physical
constants have now been included. The leptonic portion of the matrix element can be calculated
in a straightforward manner. The hadronic portion is composed of both the Fermi and
Gamow–Teller contributions, and for the neutron integrating over their spin contributions
gives |MF |2 = g2

V and |MGT|2 = 3g2
A. The total lifetime can be expressed as

τ−1 = m5
ec

4

2π3h̄7

(
g2

V + 3g2
A

)
f. (8)

Thus far, radiative corrections have not been considered, but for the neutron they come
predominantly as δR, the so-called nucleus-dependent radiative correction that modifies f such
that f (1 + δR), and �V

R, the nucleus-independent correction. The correction �V
R is common

to all beta decays [40] and takes g2
V → g2

V

(
1 + �V

R

)
. Finally, one can write an expression for

Vud in terms of the neutron lifetime with its radiative corrections as

|Vud|2 = 1

f (1 + δR)τn

K

G2
F

(
1 + �V

R

)
(1 + 3λ2)

, (9)

where f (1 + δR) = 1.714 89 ± 0.000 02 [41], K is a constant equal to 2π3h̄7
/(

m5
ec

4
)

and �V
R is the nucleus-independent radiative correction [42]. Equation (9) indicates that

two observables are necessary to extract Vud: the ratio of the two coupling constants
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λ ≡ |gA/gV | eiφ = −1.2695±0.0029 (where φ allows for a phase between the two couplings)
and the lifetime τn = (885.7 ± 0.8) s [32].

Improved calculations of the radiative corrections in equation (9) were recently performed
yielding

|Vud|2 = (4908.7 ± 1.9)s

τn(1 + 3λ2)
. (10)

The new method for calculating hadronic corrections to weak radiative corrections combines
high-order perturbative QCD calculations with a large N-based extrapolation; it has also been
applied to superallowed nuclear beta decay [43]. This calculation reduced the theoretical
loop uncertainty by approximately a factor of 2. The relative uncertainty in the theoretical
corrections is only 0.4%, less than the present experimental uncertainty of 0.9%.

2.2. Correlation coefficients

In the discussion of the lifetime, the matrix element of equation (3) assumed that the couplings
were purely vector and axial vector. It is important to emphasize that this is not the most
general interaction Hamiltonian that one can construct. In 1956, Lee and Yang parametrized
the interaction in terms of the coupling constants Ci and C ′

i that describe the strength of the
nucleon interactions [4]. In addition to V and A currents, they allowed the possibility of
scalar (S), tensor (T) and pseudoscalar (P) currents. It yields ten possible couplings under
the assumption that all are real and 20 couplings if each is allowed an imaginary component
(i.e., T may be violated ). The charged weak current theory has been remarkably successful
in describing the interaction with only the two real couplings, CA and CV . It restricts the
weak interaction to operate only on the left-handed components of the quark and lepton fields,
but a more fundamental understanding of the reason for this parity-odd structure of the weak
interaction is still lacking. It has motivated numerous experimental efforts to look for evidence
of additional interactions to help provide a deeper understanding.

Using the more general interaction Hamiltonian, the probability distribution for beta decay
in terms of the nucleus spin and the energies and momenta of the decay products was worked
out in detail in 1957 by Jackson et al [44]. They considered the large number of correlations
that exist when considering the polarization states of the nucleus and its decay particles. The
angular distribution of the decay particles from a polarized nucleus can be written as

W(〈J〉, Ee,
e,
ν) dEe d
e d
ν = 1

(2π)5
peEe(E

0 − Ee)
2 dEe d
e d
ν

× ξ

[
1 + a

pe · pν

EeEν

+ b
me

Ee
+

〈J〉
J

·
(

A
pe

Ee
+ B

pν

Eν

+ D
pe × pν

EeEν

)]
. (11)

In this equation, pe, pν, Ee and Eν are the momenta and kinetic energies of the decay electron
and antineutrino and 〈J〉/J is nuclear polarization (see figure 1). The dimensionless factors
in front of each term are referred to as correlation coefficients, and they parametrize the
relationship among the decay particles in equation (11). The factor ξ is most generally given
by

ξ = |MF|2(|CS |2 + |CV |2 + |C ′
S |2 + |C ′

V |2) + |MGT|2(|CT |2 + |CA|2 + |C ′
T |2 + |C ′

A|2). (12)

Note in V −A theory this factor for the neutron reduces to the familiar expression
(
g2

V + 3g2
A

)
.
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Table 1. Beta-decay correlations where there are existing measurements or active experimental
efforts involving the neutron. The first column gives the coefficient with its common name. The
second column gives the expression for the correlation. The last two columns give the behavior of
correlation under the operation of P and T .

Parity Time
Coefficient Correlation (P) (T )

a (Electron–antineutrino correlation) pe · pν/EeEν Even Even
b (Fierz interference) me/Ee Even Even
A (Spin-electron asymmetry) 〈J〉 · pe/Ee Odd Even
B (Spin-antineutrino asymmetry) 〈J〉 · pν/Eν Odd Even
C (Spin-proton asymmetry) 〈J〉 · pp/Ep Odd Even
D (Triple correlation) 〈J〉 · (pe × pν)/EeEν Even Odd
N (Spin-electron spin) σ · 〈J〉 Even Even
R (Electron spin triple correlation) σ · (〈J〉 × pe)/Ee Odd Odd

Also considered in [44] is the decay of polarized nuclei and its correlations with the
electron momentum and polarization σ

W(〈J〉, σ, Ee,
e) dEe d
e = 1

(2π)4
peEe(E

0 − Ee)
2 dEe d
e

× ξ

[
1 + σ ·

(
N

〈J〉
J

+ R
〈J〉
J

× pe

Ee
+ · · ·

)
+ · · ·

]
, (13)

where N and R are correlations involving measurement of the electron polarization. Here
the neutrino momentum was averaged over. Table 1 gives some information for correlation
coefficients for which there are existing measurements or active experimental efforts.

Equations (11) and (13) describe nuclear beta decay in general. For the case of the
neutron, if one assumes vector and axial-vector interactions but permits the possibility of time-
reversal violation, the correlation coefficients may be expressed in terms of the weak coupling
constants gA and gV and φ the phase angle between them, as in table 2. The parameter λ

can be extracted from several of the correlations, but presently only measurements of A have
sufficient precision to have an impact. If the neutron lifetime τn is also measured, gV and gA

can be determined uniquely under the assumption that sin φ = 0. Radiative corrections to the
correlation coefficients have been evaluated recently using several techniques [45–49]. The
experiments discussed in section 4 proceed with the purposes of checking the corrections and
testing the validity of these assumptions underlying the V − A theory.

2.3. Testing CKM unitarity

Accurate determination of the parameters that describe neutron decay provides information
regarding the completeness of the three-family picture of the SM through a test of the unitarity
of the CKM matrix. The matrix represents a rotation of the quark mass eigenstates to the weak
eigenstates ⎛

⎝dW

sW

bW

⎞
⎠ =

⎛
⎝Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

⎞
⎠

⎛
⎝d

s

b

⎞
⎠ . (14)

It arises because the weak eigenstates are presumed to be different from the mass eigenstates
of electromagnetic and strong interactions [51, 52]. There is no physical understanding for
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Table 2. The first two columns are the coefficients and their expressions in terms of the weak
coupling constants and phase angle. For the spin-proton asymmetry, xC is a calculated kinematic
factor. The experimental values are given in the third column; they come from the 2008 PDG
compilation [32] with the exception of N and R that are new measurements [50]. The fourth column
gives the relative uncertainty. The last column is sensitivity of the correlation to λ and is defined as
| dλ

λ
|/| dx

x
|, where x is a given correlation coefficient. It is the factor that one multiplies the relative

uncertainty in a correlation coefficient to obtain the relative uncertainty in λ.

Correlation Experimental Relative
coefficient Expression value uncertainty λ Sensitivity

a 1−|λ|2
1+3|λ|2 −0.103 ± 0.004 0.039 0.28

b 0

A −2 |λ|2+|λ| cos φ

1+3|λ|2 −0.1173 ± 0.0013 0.011 0.25

B 2 |λ|2−|λ| cos φ

1+3|λ|2 0.9807 ± 0.0030 0.003 10.2

C 4xC
|λ| cos φ

1+3|λ|2 −0.2377 ± 0.0026 0.011 1.5

D 2 |λ| sin φ

1+3|λ|2 (−4 ± 6) × 10−4

N 2 m

E

|λ|2+|λ| cos φ

1+3|λ|2 0.056 ± 0.012 0.21 0.25

R 0 0.008 ± 0.016

the measured values of the CKM mixing matrix elements between the quark mass eigenstates
and their weak interaction eigenstates. The fact that the matrix is unitary is ultimately a
consequence of the universality of the weak interaction gauge theory; non-unitarity could also
be an indication of a fourth generation of quarks. Extensions to the SM, which either introduce
non-V − A weak interactions or generate violations of universality, can therefore be tested
through precision measurements in beta decay.

Unitary of the first row of the CKM matrix requires |Vud|2 +|Vus|2 +|Vub|2 = 1. The matrix
elements |Vus| and |Vub| are obtained from high-energy accelerator experiments. The CVC
hypothesis states that gV = GF|Vud|

(
1 + �V

R

)
, and thus one can determine |Vud| by measuring

the transition strengths of superallowed 0+ → 0+ nuclear beta decays between isobaric analog
states. All such decays should yield the same value for gV from their measured f t values after
nuclear structure effects and isospin breaking and radiative corrections are applied. A recent
calculation of those contributions produces

|Vud|2 = (2984.48 ± 0.05)s

f t (1 + RC)
, (15)

where RC is all of the correction contributions [43]. Using the nine best values of f t

[53] gives |Vud| = 0.974 18 ± 0.000 27 [32]. Taking the PDG 2008 recommendations of
|Vus| = 0.2255 ± 0.0019 and |Vub| = (3.93 ± 0.36) × 10−3 yields∑

i=d,s,b

|Vui|2 = 0.9999 ± 0.0010. (16)

This is the most precise method of determining |Vud| and the agreement with the SM is very
good. There was a significant change in the value of |Vus| that removed an approximately
two-sigma discrepancy that had existed between the nuclear decays and the CKM unitarity
requirement. The new result is based on recent experiments in semileptonic kaon decays,
including measurements of the branching ratios, form factors and lifetime [54]. There are
also renewed theoretical investigations to extract |Vus| from hyperon decay [55] and precision
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(a) (b)

Figure 4. (a) Plot showing the functional dependence of the lifetime, λ, and the superallowed
0+ → 0+ nuclear decays on gA and gV . The dashed ellipse is expanded in the adjacent plot. (b) The
weak coupling constants gV and gA determined from neutron-decay parameters and superallowed
0+ → 0+ nuclear decay transitions. The bands represent ±1 standard deviation uncertainties
including experimental and calculational uncertainties. For the decay parameters, the uncertainties
are dominated by experimental uncertainties. For the superallowed 0+ → 0+ nuclear decays, the
uncertainty is dominated by radiative correction calculations.

experiments in hadronic tau decays [56]. Extracting Vus requires a calculation of the form
factor f+(0). The factor used in the PDG evaluation is calculated by Leutwyler and Roos [57]
using chiral perturbation theory, but calculations employing other techniques [58] produce
results that differ by as much as 2%. The value of |Vub| has also changed slightly, but it
has a negligible contribution to the unitarity sum. The dominant uncertainty in the unitarity
comparison comes from the calculation of the nucleus-dependent radiative corrections.

In neutron decay, the functional dependence of the two parameters on gA and gV is
illustrated in figure 4(a) along with gV from the superallowed nuclear decays. Equation (8)
indicates that the lifetime forms an ellipse in gA and gV , and by definition, λ has linear
relationship with gA and gV ; for superallowed decays only gV enters at the tree level.
While several of the correlation coefficients give λ, the most precise value comes from
the spin-electron asymmetry A. With the PDG values for λ and τn, one obtains a value
|Vud| = 0.9746±0.0019. Figure 4(b) expands on intersection of the three experimental limits
to elucidate the comparison with the superallowed decays.

A recent analysis was performed to extract λ that did not limit itself to experiments
included in the PDG compilation. Using a larger data set of 25 independent experiments,
including measurements of τn, a and B, they performed a least-squares fit with only one
free parameter to extract λ = CA/CV = −1.269 92 ± 0.000 69 [14]. The value is in good
agreement with the PDG value but the uncertainty is about a factor of 4 smaller. Because
the uncertainty in |Vud| from the neutron is dominated by λ, the corresponding uncertainty
becomes significantly smaller, |Vud| = 0.974 33 ± 0.000 65. The central value is still in good
agreement that from the superallowed nuclear decays but with a much reduced uncertainty.

It is also possible to extract |Vud| from pion beta decay in the pure vector transition
π+ → π0 + e+ + νe in a manner that is free from structure-dependent corrections [59]. The
PIBETA collaboration quotes a value of |Vud| = 0.9728 ± 0.0030 [59]. Pion beta decay
is theoretically the cleanest system in which to measure |Vud|, but the small branching ratio
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Figure 5. Plot showing CKM unitarity from superallowed nuclear decay, neutron decay and pion
decay. The inputs come from the PDG 2008 compilation.

(O(10−8)) has so far precluded a measurement with enough sensitivity to compete with the
superallowed beta decays.

Figure 5 shows the very good agreement in the comparison of CKM unitarity for the
three systems, and the dominance of the superallowed nuclear decays in making that test. It
represents a significant accomplishment in testing the SM. The array of experimental values
that go into the determination of f t has proven very robust and has yielded a value for
|Vud| that is limited by theoretical uncertainties. It has produced strong limits on additional
weak interactions (|CS/CV | < 0.0013) and verified the CVC hypothesis at the level 0.026%
[60]. Improvement in these limits is still possible through both new experimental efforts and
calculations [53].

Despite the strong agreement, there are underlying assumptions not elucidated in figure 5.
The neutron data are not yet competitive in determining |Vud|, where the experimental
uncertainties are about a factor of 7 times larger than those of the superallowed nuclear
decays. Because of the intrinsically smaller corrections, the neutron is very promising avenue
for investigation, but it must first resolve some disagreements. The consistency among four
electron asymmetry experiments that are used in the PDG determination of λ is not good,
and the PDG chose to increase the uncertainty by a scale factor of 2.0. In addition, the most
precise measurement of the neutron lifetime is 6.5 standard deviations away from the PDG
average and currently not included in the average. While it might be tempting to dismiss the
measurement because of such a large disagreement with the other experiments and the poor
effect it would have on the CKM unitarity comparison, one notes that this neutron lifetime
value taken with the most precise measurement of the electron asymmetry again restores CKM
unitarity. Clearly this situation is not satisfactory and must be clarified, and the prospects for
doing so are promising. The situation with these experiments is discussed in greater detail in
sections 3 and 4.1.

2.4. T -violation in Neutron beta decay

For more than 35 years, neutral kaons were the only system in which CP violation was observed
[61]. More recent experiments have reported measuring CP violation in the K0 → 2π

amplitudes [62, 63] and in the decays of the neutral B-mesons [64, 65]. To date there is
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Figure 6. Plot of the experimental limits on the dependence of sin φ on |λ| [74]. In addition to
showing the sensitivity of D, it illustrates the determinations of |λ| from the correlation coefficients
a,A, B and C. The bands are based on one-sigma uncertainties from the PDG [32].

no firm evidence against the possibility that the observed CP -violation effects are due to the
Kobayashi–Maskawa phase δKM in the standard model [66]. A major question is whether or
not there are sources of CP -violation other than δKM. One notes that δKM is not sufficient
to generate the baryon asymmetry of the universe [67]. The most suitable observables to
probe the existence of new CP -violation interactions are those for which the contribution from
δKM is small. Examples of observables of this kind are the T -odd correlations in leptonic
and semileptonic decays and electric dipole moments of the neutron and atoms. Decay
correlations are not truly T odd as there are final-state interactions that produce correlations
unrelated to time-reversal invariance, but these contributions have been calculated and are
below the current levels of experimental sensitivity. Thus, with its small SM values of T -
odd observables, neutron beta decay provides another excellent arena in which to search for
time-symmetry violation.

2.4.1. D-coefficient. One correlation from equation (11) for polarized neutron decay is the
triple correlation D(〈J〉/J )·(pe × pν). The D coefficient is sensitive only to T -odd interactions
with vector and axial vector currents, and the coefficients of the correlations depend on the
magnitude and phase of λ = |λ| e−iφ . T invariance requires φ to be 0◦ or 180◦, and the present
value is φ = 180.06◦ ± 0.07◦ [32]. Correlations from table 2 are in general a function of the
phase φ, but D is sensitive to the imaginary part. Figure 6 illustrates the comparison of the
sensitivities of some correlations to sin φ.

A neutron EDM would violate both T and P symmetries, whereas a D-coefficient violates
T but conserves P . This makes the two classes of experiments sensitive to different SM
extensions. Although constraints on T -violating, P-conserving interactions can be derived
from EDM measurements, these constraints may be model dependent [68, 69]. EDM and
neutron-decay searches for T violation can be viewed as complementary. Leptoquark, left–
right symmetric models, and exotic-fermion models can all lead to violations of time-reversal
symmetry at potentially measurable levels. Recent work summarizes the current constraints
on D from analyses of data on other T -odd observables for the SM and some extensions
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[66, 70]. An investigation of D in the minimal supersymmetric standard model concluded that
10−7 is the maximum of the range permitted by the theory [71], a value almost four order of
magnitude beyond the current experimental limit.

Within the V −A model, it is important to note that there are T -conserving electromagnetic
final-state interactions, such as Coulomb and weak magnetism scattering, that give rise to a
non-zero triple correlation. The Coulomb term vanishes in V −A theory in the limit of infinite
nucleon mass [44], but in principle scalar and tensor interactions could contribute. Fierz
interference coefficient measurements [60] can be used to limit this possible contribution
to |DEM | < (1.0 × 10−5)me

pe
. Interference between Coulomb scattering amplitudes and the

weak magnetism amplitudes produces a final-state effect of order αEe/mn. The magnitude of
the final-state interaction, including weak magnetism and the contribution from the magnetic
moment of the proton, is predicted to be |Dfsi| ≈ (

0.23pmax
e

/
pe + 1.08pe

/
pmax

e

) × 10−5

[21, 72]. A recent calculation of this final-state interaction using heavy-baryon effective
field theory has reproduced this result together with the dominant correction [73]. This is an
important conclusion because the implication is that one should be able to measure D without
theoretical ambiguities down to the level of ∼10−7.

Included for completeness, there exists another T -odd, P-even correlation that requires
measuring the electron momentum and polarization as well as the recoil momentum

Lσ ·
(

pe × pν

EeEν

)
. (17)

There have been no efforts to measure this correlation. Roughly speaking, an experiment to
measure L would be similar to a D experiment where one measures the electron polarization
instead of the neutron polarization. While it is feasible to do so, the greater ease of performing
neutron polarimetry has undoubtedly served to focus more experiments on D.

2.4.2. R-correlation. The expression for the D-coefficient in equation (11) integrates over
all final spin states. For an experiment capable of measuring the electron polarization,
equation (13) describes the distribution in the electron energy, angle and polarization for
the decay of a polarized neutron. The R-correlation is given by

Rσ ·
( 〈J〉

J
× pe

Ee

)
. (18)

The D- and R-correlations have different sensitivities to both T violation and non-SM
physics. While both are T -odd, D is P-even and R is P-odd. The D-correlation is sensitive
primarily to the imaginary part of the V − A interference, and R has sensitivity to both scalar
and tensor couplings. R vanishes in V − A theory, independent of the phase of gA and gV .
Recently the first experiment limiting R in neutron decay was performed [50], but the best
limits on testing T -invariance in the scalar and tensor weak interaction still come from nuclear
decays [75, 76]. Figure 7 shows the limits on scalar and tensor currents from all sources.
Measurement of the Gamow–Teller decay of 8Li yielded R = (0.9 ± 2.2) × 10−3, which sets
the most stringent limits for time-reversal violating tensor couplings in semileptonic weak
decays, −0.022 < Im(CT + C ′

T )/CA < 0.017 [77].

3. The neutron lifetime

3.1. Lifetime techniques

The neutron lifetime is governed by the exponential decay law N(t) = N0 e−t/τ , where an
initial population of particles N0 is reduced to N(t) at a rate determined by the lifetime τ . In
comparison with other unstable particles, the approaches to measuring the neutron lifetime are
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Figure 7. One-sigma limits from experiments testing the scalar and tensor interactions. The
constraint from the measurement of the R-correlation in neutron decay is the statistical uncertainly
only. Including (additively) systematics would broaden the yellow band by a third. Plot courtesy
of K Bodek.

not typical. The usual approach forms a histogram of decay times relative to an initial time,
and the lifetime is obtained in a straightforward manner from an exponential fit. This strategy
only works, however, when one is able to define that initial time, which is very difficult with
neutron beams and low-density, confined ultracold neutrons. In fact, it has been difficult
to measure the neutron lifetime because of its unusually long lifetime, its neutrality and the
difficulty in obtaining sufficiently dense populations that are not lossy. Several techniques
have been pioneered to overcome the difficulties. Only recent experiments are presented here,
but a discussion of previous experiments and their development is found elsewhere [78].

3.2. Beam technique

The exponential decay law can be rewritten in the differential form dN(t)/dt = −N(t)/τ .
One extracts the lifetime by measuring simultaneously both the average number of neutrons
N(t) in a well-defined fiducial volume of the beam and the rate of neutron decays dN/dt .
Practically speaking, this entails measuring the absolute rate of neutrons traversing a known
volume and the decay protons (or electrons) generated within the same volume. The first
neutron lifetime measurements were performed with thermal beams using this method.

One potential difficulty is that the number of neutrons decaying within the volume will
depend on the velocity (v) of the neutron while the number of total neutrons in the beam will
be independent of the velocity. Correcting for this effect would be extremely difficult because
it requires knowledge of the energy distribution of the neutrons in the beam, something that
is very difficult to measure precisely. Fortunately, this problem can be avoided by using a
neutron detector that has a 1/v dependence, which is exactly the same dependence for the
rate of protons being produced within the volume. The measurement becomes independent of
energy.

A significant improvement in the precision was obtained by implementing a segmented
proton trap to better define the fiducial volume [79, 80]. Figure 8 shows a schematic illustration
of the first such experiment. A highly collimated neutron beam enters a well-defined trapping
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Figure 8. A schematic illustration of a neutron lifetime experiment using a cold neutron beam
[81]. The highly collimated neutron beam enters a well-defined proton trapping volume. The trap
is periodically opened and decay protons are guided to a detector. A neutron detector with an
efficiency inversely proportional to the neutron velocity continuously monitors the neutron rate.

volume where a small number of the neutrons decay. The protons are confined by an axial
magnetic field and electrostatic fields at each end. The trap can be periodically opened by
lowering the voltage on one set of trap electrodes, and the protons are guided to a detector
away from the beam. The neutron flux is continuously monitored during this process by a
detector that has a response proportional to 1/v of the neutron velocity, thus eliminating 1/v

dependence of the lifetime on the trapping volume.
The largest experimental challenge for this technique is that it requires absolute counting:

one has to account for all the neutrons and protons. Even though the neutron counting rate is
much higher than the proton counting rate, the precision of the beam experiments is limited
by systematic effects related to neutron counting. The absolute efficiency of the best neutron
monitors depends on cross sections and mass densities that are only known at approximately
the 0.25% level. Regardless, efforts are in progress to calibrate these detectors, which would
allow an improvement of the precision of the beam technique at the 1 s level.

3.3. Confined ultracold neutrons

An important new approach to measuring the lifetime was introduced with the advent of
ultracold neutrons, neutrons with energies of about 100 neV. This energy is the size of typical
optical potentials of matter and also the interaction of a neutron in the magnetic field on the
order of a tesla. This fact allows the neutrons to be manipulated through interactions with
both materials and magnetic fields. With the implementation of UCN production techniques,
experimenters were able to confine neutrons in material ‘bottles’ or magnetic fields, as shown
in figure 9. The lifetime can be extracted measuring the neutron population at two times, or
τn = (t2 − t1)/ln(N(t1/N(t2))). With this method one avoids the necessity of knowing the
absolute neutron density and detector efficiencies, but naturally other systematic effects arise.

The lifetime that one measures is not the neutron lifetime because there are other
mechanisms through which neutrons can be removed from the confinement volume other
than decay. The measured lifetime is given by τ−1

tot = τ−1
n + τ−1

loss and includes losses from the
confinement cavity as well as neutron decay. To isolate τloss, which is typically dominated
by nonspecular processes in the neutron interaction with the walls of the confinement vessel,
one measures the lifetime in bottles with different surface-to-volume ratios and performs
an extrapolation to an infinite volume (or equivalently, zero collision rate). These losses
depend on the UCN energy spectrum, which can change during the storage interval, so much
work has been done to understand the spectrum evolution and loss mechanisms and to find
surface materials with lower loss probabilities. To address losses experimentally, one group
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Figure 9. Schematic drawing of an experiment to measure the lifetime using UCN confined
in a material bottle [82]. The volume of the confinement cavity can be changed allowing an
extrapolation to zero surface-to-volume ratio, equivalent to a zero collision rate of neutrons with
the cavity walls.

simultaneously measured the UCN storage time and the inelastically scattered neutrons [83],
thus monitoring the primary loss process. Because neutrons can also occupy metastable orbits
in the trap, it is necessary to ‘clean’ the energy spectrum by removing those UCNs so that the
remaining losses are dominated by wall interactions.

A third approach exists to measure τn that, in principle, avoids the dominant systematic
effects of both the beam and confinement techniques. The most natural way to measure
exponential decay is to acquire an ensemble of radioactive species and register the decay
products as a function of time. One can then simply fit the resulting time histogram for the
slope of the exponential function. This method was first employed for neutrons in a magnetic
storage ring. A magnetic gradient field imparts a force on a neutron F = −∇(μ · B). With
the value of the neutron magnetic moment being about 60.3 neV T−1, a neutron with energy
of order 100 neV can be manipulated in the laboratory with tesla-size fields. The experiment
was performed by storing very cold neutrons in a toroidal ring of magnetic sextupole fields
and then counting the number remaining at various times after the initial fill. The number of
events N(t) was plotted as a function of time and fit with an exponential to extract the lifetime.
The group obtained a value of τn = (877 ± 10) s [84].

Another experiment measures the lifetime using ultracold neutrons that are magnetically
confined in superfluid 4He [85]. The decay electrons are registered via scintillations in the
helium thus allowing one to directly fit for the exponential decay of the trapped neutrons.
The experiment has not yet produced a statistically competitive result, but efforts to reduce
the uncertainty are in progress [86]. With advances in the density of stored ultracold neutrons
and magnetic field technology, a number of groups propose to eliminate the losses from wall
scattering in material bottles and trap the neutrons in a combination of magnetic field gradients
and gravity [87].
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(a) (b)

Figure 10. (a) A comparison of recent lifetime measurements. The shaded band represents the
±1 standard deviation limits for the seven measurements (shown in black) included in the PDG
evaluation. (b) The same comparison for recent measurements of A. The shaded band represents
the limits for the four measurements (shown in black) included in the PDG evaluation; the limits
are the uncertainty from the weighted average scaled by a factor of 2.3.

3.4. Status of neutron lifetime measurements

Accurate measurements using each of these distinct methods are important for establishing
the reliability of the result for τn, particularly given a recent measurement that is significantly
discrepant with the world average from the PDG 2008 evaluation. Figure 10(a) shows a
summary of measurements over the last 20 years with competitive uncertainties. (A more
historical and detailed review of neutron lifetime experiments is found elsewhere [88].) Seven
of the experiments [81–83, 89–92] contribute to a current neutron lifetime world average of
τn = (885.7 ± 0.8) s [32]. The agreement among the measurements is very good. The
experiments using beams do not have as much statistical influence as those using UCN, but
they are also in good agreement.

Also shown in figure 10 is the most recent experiment that produced a value of
τn = (878.5 ± 0.8) s [93]. The result is more than six standard deviations away from
the PDG average. The experiment used ultracold neutrons confined both gravitationally and
by a material bottle and measured the total storage lifetime. The loss rate on the walls is given
by τ−1

loss = ηγ , where η is a wall-loss coefficient related to the probability of losing a neutron per
interaction with the wall and γ is the loss-weighted collision frequency. Other loss mechanisms
were considered negligible. The neutron lifetime was determined by extrapolating to zero
collision frequency, as seen in figure 11. The experiment used low temperature fomblin oil to
significantly reduce the value of η in comparison with previous experiments. The improvement
reduced the size of the extrapolation necessary to extract τn, thus making the experiment less
sensitive to some systematic effects. They also used two storage vessels with different surface-
to-volume ratios and were able to change the energy distribution of the confined UCN, both
of which change the collision frequency. The group intends to make additional measurements
with a variable-volume trap to change the collision frequency while maintaining the same trap
surface and vacuum conditions.

The substantial difference between the neutron lifetime of PDG average and that using
the gravitational trap is not understood. It is essential to resolve the disagreement, and
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Figure 11. An extrapolation of the storage lifetimes to zero collision frequency. The plotting
symbols correspond to two different trap geometries. Plot courtesy of A Serebrov.

it can only be accomplished through new measurements. Several experimental efforts are
underway that include both refinement of existing experiments and techniques as well as
development of new approaches [87]. Most of the proposed experiments use confined UCN
because the systematic effects are thought to be less challenging. The beam experiments
are very important because their set of systematic effects is distinct from those of the UCN
confinement experiments. Agreement using the diverse techniques is needed for reliability of
the value of the lifetime. The class of experiments that continuously monitor neutron decays
must become more statistically competitive before they can make a significant statement, but
the prospects are encouraging.

The question of how the value of |Vud| determined from the neutron beta-decay parameters
τn and λ compares with those from the superallowed decays and CKM unitarity cannot be
addressed without a resolution of the value of τn. New measurements of λ from neutron
decay are also essential in establishing its reliability. In addition to experiments improving the
precision of the spin-electron asymmetry [94], there are new efforts to improve the precision
of the electron–antineutrino correlation that can provide independent measurements of λ that
do not require polarimetry [95, 96].

4. Correlation coefficients

4.1. Spin-electron asymmetry A

The observable for A is the angular correlation between the neutron spin and the electron.
More specifically, the probability that an electron is emitted with an angle θ with respect to
the neutron spin is

W(Ee, θ) ∝ 1 + βPA cos θ, (19)

where β is the ratio of the electron velocity to the speed of light and P is the neutron polarization.
An experiment consists of measuring an asymmetry in electron counting rates as a function of
the two neutron polarization states. Among the systematic concerns for an experiment, two
of the more important ones are an accurate determination of the neutron polarization and the
background subtraction, which must be known well for each neutron state.
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Figure 12. Schematic diagram of the UCNA apparatus. Figure courtesy of A Young.

With the neutron lifetime and one of the correlation coefficients, one can determine values
for gA and gV . Because it has the greatest sensitivity to λ and is more accessible experimentally,
A has been measured more frequently and with greater precision. As seen in figure 10(b) four
independent measurements used in the PDG evaluation are not in good agreement with each
other, and the PDG uses a weighted average for the central value and increases the overall
uncertainty by a scale factor of 2.3 [32]. The two more recent measurements, one using an
electron spectrometer and a new effort using ultracold neutrons, are also discussed.

The most precise determination of A comes from the group using the PERKEO II electron
spectrometer. A beam of cold, polarized neutrons traversed a superconducting magnet in a
split-pair configuration. The field was perpendicular to the beam direction, so neutrons
passed through the spectrometer, but the decay electrons were guided by the field to one of
two scintillator detectors on each end. This arrangement had the advantage of achieving a 4π

acceptance of electrons. They form an asymmetry from the electron spectra in the two detectors
as a function of the electron energy; the difference in those quantities for the two detectors
is directly related to the electron asymmetry. Their run produced A = −0.1178 ± 0.0007,
where the main contributions to the uncertainty were attributed to the neutron polarimetry,
background subtraction and electron detector response [94].

A subsequent run of the apparatus was performed to improve counting statistics and
address some of the dominant systematic corrections and uncertainties. It used a ballistic
supermirror guide [97] to increase significantly the counting rate and employed crossed
supermirror polarizers to make the neutron polarization more uniform in phase space [98, 99].
The beam polarization was measured with a completely different method using an opaque
3He spin filter [100]. A new result with smaller background and polarization corrections is
anticipated.

A new effort to determine A using ultracold neutrons recently produced its first result. The
UCNA Collaboration used a superconducting solenoidal spectrometer [101] to detect decay
electrons from UCN, as shown in figure 12. The UCN are produced in a solid deuterium
moderator and transported to the spectrometer where one produces highly polarized (>99%)
neutrons by passing them through a 6 T magnetic field and into an open-ended cylinder which
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increased the dwell time of the polarized UCN in the decay spectrometer. The electrons
were transported along the field lines to detectors at each end of the spectrometer. The
detectors consisted of multiwire proportional counters backed by plastic scintillator. Extensive
measurements of electron backscattering on electron detector materials were performed
[102, 103]. The first result from an experiment to measure a decay correlation with UCN
is A = −0.1138 ± 0.0051 [104]. The uncertainty is not sufficiently small to shed any light
on the disagreement among results for A, but it is statistics dominated. Data collection is
ongoing, and it is reasonable to expect that a result with a total uncertainty that is competitive
with existing experiments will be forthcoming.

One novel strategy to obtain λ without knowing the absolute neutron polarization is to
measure both PA and PB simultaneously in the same apparatus (where P is the neutron
polarization). This is possible by recognizing that λ = (A − B)/(A + B). Thus, as long as
the polarization is the same for measurements of both A and B, λ can be determined directly.
This technique was employed in one experiment with the result λ = −1.2686 ± 0.0046 [105],
consistent with other determinations of λ obtained from measuring A alone.

4.2. Spin-antineutrino asymmetry B

The electron asymmetry and antineutrino asymmetry provide complementary information.
Because gA is nearly −1 in the SM, A is close to zero and B is near unity, B is not particularly
sensitive to λ but is more sensitive to certain non-SM extensions, such as extended left–right
symmetric models. This makes it a good system in which to search for SM extensions.

In particular, B may be considered in the context of the manifest left–right symmetric
model (MLRM) where there are two intermediate vector bosons WL and WR that couple to
left- and right-handed currents, respectively. The mass eigenstates W1 and W2 are given as
superpositions of the weak eigenstates

W1 = WL cos ζ − WR sin ζ, (20)

W2 = WL sin ζ + WR cos ζ, (21)

where ζ is a mixing angle and δ = (M1/M2)
2. A MLRM prediction for the functional

dependence of B on δ and ζ gives

B = 2
λ2(1 − y2)) − λ(1 − xy)

(1 + x2) + 3λ2(1 + y2)
, (22)

where x = δ − ζ and x = δ + ζ [106]. If one assumes that ζ ≈ 0, then

B ≈ BSM(1 − 2δ2), (23)

where BSM is as given in table 2. Thus, with the measured value of B and BSM (obtained with
λ), one can determine a lower limit on the mass M2.

The observable for B is the angular correlation between the neutron spin and the
antineutrino. Because the antineutrino cannot be conveniently detected, its momentum must
be deduced from electron–proton coincidence measurements. In the last three decades, two
groups have produced the most precise measurements of B. The approach of one group
consisted of detecting electrons from the decay of polarized neutrons using plastic scintillators,
and protons were detected by an assembly of two microchannel plates. From the electron
energy and proton time of flight, they reconstructed the antineutrino momentum. Because
B depends linearly on the neutron polarization, accurate polarimetry is essential and is
consistently one of the main systematic concerns. The first measurement from this group
produced a result of B = 0.9894 ± 0.0083 [107]. A second run used largely the same
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Figure 13. Schematic illustration of the PERKEO II apparatus [109]. The carbon foils serve to
convert protons to electrons.

apparatus and measured B = 0.9821 ± 0.0040 [108], where the largest reduction in the
overall uncertainty came from improved statistics.

Two more recent measurements of B were performed using the PERKEO II apparatus
[110]. Typically, one detects electron–proton coincidences using one detector for each particle.
The PERKEO II measurement uses two detectors, one in each hemisphere of the detector,
that can detect both electrons and protons. Electrons are detected using plastic scintillator,
while the protons are accelerated on a thin carbon foil placed in front of the scintillator. The
resulting secondary electrons are guided onto the electron detectors, as shown in figure 13.
The corrections applied to these measurements were smaller than previous efforts. The beam
polarization was achieved using crossed supermirror polarizers [99], an approach that gives a
high degree of polarization with a smaller uncertainty. The more recent effort of this group
yielded a result of B = 0.9802 ± 0.0050, an uncertainty comparable with previous efforts
[109].

Using the PDG value of B, largely determined by these measurements, and the value
of BSM with λ, one can establish a lower limit on the mass of MWR from equation (23) of
290 GeV/c2 (90% CL) [109]. An analysis of muon decay experiments gives a limit on MWR

of 549 GeV/c2 and |ζ | � 0.0333 [111]. The best direct search comes from pp̄ collisions and
sets a lower limit of 720 GeV/c2 if one assumes that the right-handed neutrino is much lighter
than WR [112].

In the MLRM where there are only two parameters (ζ and δ), constraints from other
systems are better than provided by neutrons and beta decays in general. For the extended left–
right model, however, neutron-derived constraints are complementary to the other searches.
In the framework of generalized left–right symmetric models, there are additional parameters
that must be constrained: rg = gR/gL, the ratio of the two gauge coupling strengths gL and
gR, and rK = V R

ud

/
V L

ud, where V
R,L

ud are the matrix elements of the CKM matrices pertaining
to the R/L-sectors. In the MLRM, rg = rK = 1. Here information from beta decay is
complementary to these results and therefore highly desirable. In addition, a recent analysis
has investigated the sensitivity of B to the minimal supersymmetric standard model [113].
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New measurements would have to investigate the energy dependence of B below 10−3, a level
that may be feasible for a new generation of experiments.

Another area in which to search for right-handed currents is the decay of the neutron into a
hydrogen atom and antineutrino because one of the hyperfine levels of hydrogen in this decay
mode cannot be populated unless right-handed currents are present (see section 5.2). The very
small branching ratio to this decay channel has undoubtedly served to deter searches thus far.

4.3. Spin-proton asymmetry C

The main efforts in determining λ have centered around precision measurements of the spin-
electron asymmetry A. Independent checks on λ, however, are essential for confidence in
testing V −A theory in the neutron system, and it naturally leads one to look at other approaches.
The proton asymmetry C is an obvious choice because of its acceptable sensitivity to λ, but
in addition, a precision measurement of C has sensitivity to recoil-order effects, such as the
hadronic current, weak magnetism form factor and the Fierz interference term [114–116]. The
first-order radiative and recoil corrections have been calculated as well as an analysis of the
sensitivity of C to models beyond the SM [117].

Physically, the proton asymmetry describes the angular distribution of the proton relative
to the polarized neutron. Kinematically, it is coupled to the other decay products and therefore
must be proportional to both the electron and antineutrino asymmetries

C = xC(A + B), (24)

where the proportionality constant xC = 0.274 84 is a kinematic factor [115, 118]. As its
name suggests, the asymmetry may be formed experimentally by counting the number of
protons in one hemisphere versus the other where the orientation is defined by the neutron
spin [119]. The only measurement of C was performed with the PERKEO II spectrometer.
The apparatus was essentially the same as that used to measure B (see figure 13). A value
of C = −0.2377 ± 0.0026 was obtained, and the uncertainty was dominated by detector
calibration issues [120]. In order to contribute significantly to the determination of λ or
begin to constrain some of the non-SM models, however, the experimental precision must be
improved by about an order of magnitude.

4.4. Electron–antineutrino correlation a

Even though the electron–antineutrino correlation a has approximately the same sensitivity as
A (see table 2), the precision of existing experiments is only about 4%. One contributing factor
is that measurements of a have typically involved precise measurement of the proton energy
spectrum. This type of measurement is intrinsically difficult to do because a manifests itself
as a small deviation in the shape of a spectrum whose endpoint is only 751 eV. Regardless,
the most probable arena for a measurement of λ approaching the same level of precision as
that in A comes from new efforts to determine a [121].

Because the correlation coefficients overconstrain the V −A description of neutron decay,
one can test the self-consistency and validity of the model description without any model-
dependent ambiguities [122]. Based on the expressions from table 2, one can construct two
equations

F1 ≡ 1 + A − B − a = 0 and (25)

F2 ≡ aB − A − A2 = 0. (26)

Using the PDG 2008, compilation for the coefficients yields F1 = 0.0050 ± 0.0052 and
F2 = 0.0025 ± 0.0041, where the uncertainty in a limits the precision of the comparison [96].
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(a) (b)

Figure 14. (a) The deviation in the proton kinetic-energy spectrum due to the influence of a.
(b) The ratio of the two spectra indicating the size of the effect one measures for a.

The values are in good agreement with the V − A theory, but even a small improvement in a
would make this comparison much more useful. In addition to contributing to an improved
test of CKM unitarity, a precise comparison of a and A can place stringent limits on possible
conserved-vector-current violation and second class currents in neutron decay [123].

An advantage in measuring a is that it does not involve the neutron spin and hence precision
polarimetry is not required. Since an experiment in 1978 [124], however, there has been only
one measurement. Its experimental difficulty lies with the energy measurement of the recoil
protons, whose spectral shape is slightly distorted for a nonzero a. Physically, a describes
that the angular distribution between the electron and the antineutrino, and kinematically, it
must therefore affect the average momentum imparted to the recoiling proton. The strength of
this correlation produces an alteration in the kinetic energy spectrum of the proton; figure 14
illustrates the difficulty in isolating the distortion.

The most recent determination of a comes from measurements of the integrated energy
spectrum of recoil protons stored in an ion trap [125]. A collimated beam of cold neutrons
passed though a proton trap consisting of annular electrodes coaxial with a magnetic field
whose strength varied from 0.6 T to 4.3 T over the length of the trap. Protons created inside
the volume were trapped, and those created in a high field region were adiabatically focused
onto a mirror in the low field region. The trap was periodically emptied and the protons
counted as a function of the mirror potential. The result of a = −0.1054 ± 0.0055 is in good
agreement with the previous measurement and of comparable precision.

Two experiment efforts are underway that plan to push the relative uncertainty to the 0.5%
level or better. In the aSPECT experiment [126], one again measures a proton energy spectrum
as a function of a potential, similar to the idea used for the proton trap experiment. One
increases the statistical power by completely separating the source part and the spectroscopy
part of the apparatus. A cold neutron beam passes through a region of strong, homogeneous
magnetic field transverse to the beam. The decay protons with an initial momentum component
along the field direction are directed toward a detector. Near the detector is a region of
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(b)(a)

Figure 15. (a) Schematic illustration of the detection principle for the aSPECT spectrometer.
(b) Plot showing the proton pulseheight for three voltages of the analyzing plane. It demonstrates
the ability of the spectrometer to analyze the proton energies necessary for extracting a. Plots
courtesy of S Baeßler.

the weaker magnetic field and electrostatic retardation potentials, and only those protons
with sufficient energy to overcome the barrier continue on to the detector [95], as shown in
figure 15. Registering the protons as a function of the retardation potential gives the recoil
proton spectrum, which one fits to extract a. The collaboration believes that a statistical
uncertainty of approximately 0.3% is achievable and has completed initial measurements with
the apparatus [127].

The approach of the aCORN collaboration will employ a novel technique that forms an
asymmetry in the coincidence detection of electrons and recoil proton that is proportional
to a [128]. The asymmetry is formed by carefully restricting the phase space for the decay
in a magnetic spectrometer so that decay events with parallel and antiparallel electron and
antineutrino momenta are separated in the coincidence timing spectrum. In general, there will
be two groups of protons whose momentum depends on the initial direction of the antineutrino,
and one group will be slower than the other. By limiting the maximum transverse momentum
of the proton, one can ensure that the solid angle for these two groups are identical, in which
case an observed asymmetry results directly from a non-zero value of a [96]. The measured
time of flight between the electron and proton is used to assign each decay event to its proper
group, as illustrated in figure 16. This approach has the advantage of determining a as a count
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Figure 16. Simulation of the proton time of flight versus the electron energy for the aCORN
experiment. The two groups of protons are well separated for electron energies below 300 keV.
Plot courtesy of F Wietfeldt.

asymmetry, thus there is no need for precise spectroscopy of the low energy protons, but the
cost is a significant reduction in count rate, a consequence of restricting the phase space.

The Nab Collaboration developes an electromagnetic spectrometer that would guide both
decay electrons and protons to detectors at each end of the spectrometer [129]. The goal is to
measure a and the Fierz interference term b in the same apparatus. The detectors would be
large-area segmented silicon detectors with thin entrance windows that allow the detection of
both the proton and electron. The ability to detect coincidences greatly suppresses backgrounds
and allows the measurement of residual backgrounds. The magnetic field guides the decay
products to conjugate points on the segmented Si detectors and provides 4π detection of both
electrons and protons and suppression of backgrounds by use of coincidences [130].

The electron–antineutrino asymmetry provides one of best avenues for an independent
determination of λ. The prospect for a significantly improved limit within the next several
years is very good.

4.5. Fierz interference b

In the V − A formalism of neutron decay, there are no interactions that would give rise to a
deviation in the electron spectrum analogous to a. This makes a precision measurement of
the electron energy spectrum a natural place to look for non-V − A interactions. There are
both Fermi and Gamow–Teller contributions to the Fierz term (i.e., b = bF + bGT) that can be
expressed as

bF = CSCV

|CS |2 + |CV |2 and bGT = CT CA

|CT |2 + |CA|2 . (27)

These terms vanish for purely right-hand coupling and are non-zero for left-hand coupling if
there exist scalar or tensor interactions. A recent analysis has investigated the sensitivity of
the Fierz term to supersymmetric models, and it is interesting to note that small improvements
in the present limit on b will start to have an impact on the maximum allowed range [113].

To date, there are no measurements of b that come from experiments using neutrons. The
limit on b comes only from nuclear decays. To extract a limit, one plots the F t-values of
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Figure 17. The plot shows the ratio of the electron spectrum for b = 0.05 to one with b = 0 (i.e.,
figure 3(b)). For a large value of b already disallowed by experiment, note the small influence of
b on the energy spectrum in comparison with that of a in figure 14.

superallowed 0+ → 0+ decays as a function of Z of the nucleus. The values may be fit to a
function allowing the possibility of a non-zero b. An analysis of the F t-values yields a limit
of bF = +0.0001 ± 0.0026 [60]. Measurement of the shape of the positron energy spectrum
in the decay of 22Na gives the best limit of bF = +0.0008 ± 0.0028 [131].

Experimentally, a non-V − A interaction in neutron decay would produce an alteration
in the spectrum that is inversely proportional to the electron energy, as seen in equation (11).
Thus, an experiment intent on limiting b in the neutron should be able to perform accurate
low-energy electron spectroscopy. Figure 17 shows how a value of b = 0.05 would perturb the
spectrum. Note that this fairly large value of b produces a maximum deviation at zero energy
of only 1.5%, and any potential experiment must contend with energy-dependent systematics
that could alter the spectrum in a similar manner. Electron backscattering is one such example.
Backscattering from silicon or plastic, two common materials for electron detection, is very
large (≈10%) at the relevant energies of around 100 keV. The only experimental effort directed
toward measuring b comes from the Nab Collaboration, but a measurement producing an
uncertainty that is competitive with existing limits is probably several years away.

Regardless, the sensitivity of b to new physics should give impetus for addressing the
experimental challenges. One should note that the current limit produced by the nuclear
decays comes from a large number of experiments collected over several decades. As such, it
is unlikely that any one additional experiment will significantly improve that limit, but should
a radioactive beam facility with a higher intensity than existing sources come online, such as
FRIB [132], those prospects could change. Regardless, experiments that search for a Fierz
term would be a fruitful area for future neutron research.

4.6. Triple correlation D

The T -violating term from equation (11) is expressed in terms of the neutron spin, electron
momentum and antineutrino momentum as 〈J〉 · (pe × pν). Using momentum conservation,
one can rewrite the triple correlation in terms of the observable pp. A non-vanishing difference
between the measurements of the triple-correlation coefficient for the two neutron spin states
implies a violation of motion reversal.

In the last decade, there have been two experimental efforts, EMIT and Trine, to improve the
limit on the D coefficient in neutron decay. Each requires an intense, longitudinally polarized
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Figure 18. Schematic illustration of an experiment to measure the D-coefficient. Alternating
electron and proton detectors surround a beam, and data are collected in electron–proton
coincidence pairs as a function of the neutron spin state. A D coefficient would manifest itself as
a non-zero difference in rates of coincidence events in those two states.

beam of cold neutrons around which one places proton and electron detectors alternating in
azimuth, as shown in figure 18. Coincidence data are collected in electron–proton pairs as a
function of the neutron spin state to search for the triple correlation.

In the EMIT experiment, the detector consisted of four electron detectors and four proton
detectors arranged octagonally around the neutron beam [133]. The octagonal geometry
maximized the experiment’s sensitivity to D by balancing the sine dependence of the cross
product with the large angles between the proton and electron momenta that are favored
by kinematics. The decay protons drifted in a field free region before being focused by
a −30 kV to −37 kV potential into an array of PIN diode detectors. With its maximum
recoil energy of 751 eV, most of the protons arrived approximately 1 μs after the electrons.
Detector pairs were grouped in the analysis to reduce potential systematic effects from
neutron transverse polarization. The result from the first run of EMIT yielded a limit of
D = [−0.6 ± 12(stat) ± 5(sys)] × 10−4 [133].

The best constraint on D comes from the Trine Collaboration, which reports D =
[−2.8 ± 6.4(stat) ± 3.0(sys)] × 10−4 [134]. They used two proton detectors and two electron
detectors in a rectangular geometry. The proton detectors were comprised of arrays of thin-
window, low-noise PIN diodes. The detectors were held at ground while the neutron beam
was surrounded by a potential of −25 kV; the field was shaped to focus the decay protons
onto the PIN arrays. The electrons were detected by plastic scintillators in coincidence with
multi-wire proportional chambers. This coincidence provided reduction in the gamma-ray
background rates and positional information on the decay, thus minimizing some sources of
systematic uncertainty.

The PDG evaluation obtains a new value for the neutron D coefficient of (−4±6)×10−4,
which constrains the phase of gA/gV to 180.06◦ ± 0.07◦ [32] and is comparable to the limit
obtained in the beta decay of 19Ne, where D19Ne = (1 ± 6) × 10−4 [135]. Neither of the
neutron experiments was limited by systematic effects, and thus both would benefit by more
running time and higher flux. Both collaborations upgraded their detectors and performed
second runs [136, 137]. Figure 19 shows the history of D experiments. In the near future,
it is reasonable to anticipate new results that will put a limit on D very near 10−4. With the
recent calculation of the D final-state interactions [73], an experimental limit near that level is
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Figure 19. The progress of D-coefficient measurements over time. The points give the upper limit
from particular experiments. The shaded regions give the current upper limits by some theories
that are potentially accessible by new experiments.

desirable not only to test the calculations of weak magnetism directly but to use it to limit the
extent of theory predictions.

4.7. R and N correlations

While most of the experimental studies of T -invariance in the neutron have centered around
the D coefficient, another T -odd correlation present in neutron decay is the R correlation,
Rσ ·(〈J〉 × pe). Physically, the R coefficient represents a transverse component of the electron
polarization relative to the plane perpendicular to the neutron spin.

Although the best limits on R come from the nuclear decays, a recent experiment made
the first measurement of R from the neutron. It used a Mott electron polarimeter placed on two
opposite halves of a polarized cold-neutron beam, as illustrated in figure 20. The polarimeter
consisted of a multi-wire proportional counter, a lead foil and a plastic scintillator detector.
The proportional counter provided particle identification that is important for background
rejection, and the scintillator measured the electron energy. The analyzing foil could be taken
in and out of the polarimeter to obtain the peak of the Mott scattering distribution. To extract
the coefficient, an asymmetry was formed by flipping the spin of the neutron. The result for R
from this measurement is 0.008 ± 0.016 [50]. The value is consistent with T invariance and
improves existing limits on scalar couplings.

The polarimeter was capable of measuring both transverse components of the electron
polarization, i.e., the component perpendicular to the decay plane determined by the neutron
spin and electron momentum and the component within the same decay plane. As such,
the apparatus was able to measure another decay correlation requiring electron polarimetry
without requiring significant experimental modifications. In contrast to R, the N correlation
is T even and is nonzero in V − A theory; its expression is given by N (σ · 〈J〉). Its first
measurement yielded N = 0.056 ± 0.012, a value consistent with the SM [50]. Although it
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Figure 20. Schematic illustration of an experiment to measure the R correlation [50]. The cold
neutron beam passes through the center of the polarimeter; an example of a decay electron track is
shown by the solid line.

does not contribute significantly to the determination of λ, it does serve to help demonstrate
the validity of the operation of the apparatus.

5. Other decay modes

5.1. Radiative neutron decay

Although neutron decay is typically considered as a three-body process, in the radiative
correction it is always accompanied inner-bremsstrahlung (IB) photons, n → e− + p + νe + γ .
While IB has been measured in nuclear beta decay and electron capture decays, it has only
recently been observed in free neutron beta decay.

The photon energy spectrum and branching ratio were calculated within a quantum
electrodynamics (QED) framework [138]. Those same parameters as well as the photon
polarization were also calculated using heavy baryon chiral perturbation theory (HBχPT)
including explicit � degrees of freedom [47, 48]. The QED calculation takes into account
electron IB while the HBχPT calculation includes all terms to order 1/M (where M is the
nucleon mass) including photon emission from the effective weak vertex. These additional
terms contribute at the level of less than 0.5% and create only a slight change in the photon
spectrum and branching ratio. Both the photon energy spectrum and the photon polarization
observables are dominated by electron IB.

The experimental challenge was to distinguish the very low rate of radiative decay events
in the large photon background of a neutron beam. Given the long neutron lifetime and the
branching ratio above 15 keV being only about 3 × 10−3, the rate of detectable photons is
quite small. The first experiment to search for this decay mode resulted in an upper limit of
6.9 × 10−3 (at the 90% confidence level) for the branching ratio of photons between 35 keV
and 100 keV [139]. A more recent effort was able to definitively detect the radiative photons
and measure the branching ratio at the 10% level [140]. In both experiments, the signature of
the radiative decay event is the detection of the decay electron and radiative photon in prompt
coincidence. The very low rate of these events is insufficient to make it measurable above
the large rate of random coincidences. In the both experiments, the solution uses detection of
the delayed proton (due to its lower kinetic energy) as a powerful suppression of background
events.
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For the case of the experiment in [140], this additional suppression along with significant
gamma shielding and a large solid angle for charged particle detection was sufficient to
measure definitively the branching ratio. The apparatus allowed the detection of a photon and
an electron in coincidence followed by a delayed proton using a strong (4.6 T) magnetic field
[141]. It constrained the proton and electron to cyclotron orbits, which increased the solid
angle for detection and minimized uncorrelated backgrounds. An electrostatic mirror was used
to vary the rate of detected electron–proton coincidences without changing the uncorrelated
photon background rate, thus providing a signature for the detection of radiative decay and an
important systematic check on possible backgrounds. Photons with energies between 15 keV
and 340 keV were detected by a scintillating crystal coupled to an avalanche photodiode and
were distinguished from uncorrelated background photons by coincidence with both the decay
electron and proton [142]. Correlated background from external bremsstrahlung generated
in the electron detector was estimated to contribute less than 3% of the radiative decay event
rate. The branching ratio was measured to be (3.13 ± 0.34) × 10−3 and is consistent with the
theoretical predictions of 2.85 × 10−3 in the same energy region.

Only a small fraction of the solid angle for photon detection was utilized in that experiment.
A new experiment is in progress that should permit a precision measurement of the photon
energy spectrum and the branching ratio at approximately the 1% level. Its most significant
improvement is utilizing a photon detector that has about an order of magnitude more solid
angle coverage. An improved measurement of the photon spectrum below the 1% level
could examine effects beyond the leading order electron bremsstrahlung. A measurement
of the photon circular polarization could reveal information about the Dirac structure of the
weak current [47, 138]. Furthermore, access to the radiative photon opens the possibility of
new areas of investigation for neutron beta decay [143]. For example, the principle of the
measurement could be reversed and the radiative photon could be used as a tag for definitively
identifying neutron decay products, or the use of a polarized neutron beam may allow the
investigation of new angular correlations with photon and neutron polarization.

5.2. Neutron decay into hydrogen

Another decay process available to the neutron is the two-body decay into a neutral hydrogen
atom and an antineutrino, n → H0 + ν̄e [144]. It has been understood for many years that
the decay into hydrogen would provide a sensitive probe for studying the weak interaction,
in particular the existence of right-handed currents [145] or scalar and tensor couplings. The
back-to-back decay produces two particles of fixed energy, Eν̄ = 782 keV and EH = 326 keV.
Only the S-states of the hydrogen atom will be populated because only these states have a
non-zero overlap of the proton and electron wavefunctions. The branching ratio for this mode
into one of these hyperfine structure states is highly suppressed but has been calculated in the
standard V − A theory to be approximately 4 × 10−6 [144–146]. This very small branching
ratio has deterred any experimental investigations thus far although an indirect estimation can
be made by comparing the value of the neutron lifetime obtained from disappearance-type
versus appearance-type experiments [147].

Non-V −A physics can be addressed by measuring the populations of the hyperfine states.
The pure, left-handed V − A interaction predicts with sufficient precision the populations
based on the spin projections of the initial particles [148]. Admixtures of scalar or tensor
couplings will change those relative populations, thus providing evidence for new interactions.
Regarding right-hand currents, one of the hyperfine levels is forbidden by the conservation of
total angular momentum. Thus, detection of a non-zero population in that state would provide
an unambiguous signature for right-handed currents.
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This strong physics motivation has produced an ambitious experimental effort to detect
the decay mode and measure the relative hyperfine populations [149]. The approach would
use a tangential through-port on a reactor neutron source, where the neutron flux is very high.
The hydrogen atoms drift from the core through a Lamb-shift polarimeter to select the desired
hyperfine state. The atoms are then resonantly ionized and the resulting proton is detected.
It is important to measure the energy of the proton because it serves as a strong method of
rejecting background protons, as the number of background hydrogen atoms with the same
kinetic energy as those from neutron decay should be small.

6. Summary

There has been much progress in the study of neutron beta-decay physics in recent years
and the activity is only increasing. The status of the comparison of parameters from neutron
decay with the SM and the results from superallowed nuclear decays is very good. The
accomplishments of the nuclear systems, specifically the determination of Vud, have been a
remarkable success in testing the SM and also limiting its possible extensions. Naturally,
there remain outstanding questions that must be addressed to remove lingering questions and
continue to improve the comparison. Much of the work extends beyond the nuclear beta-decay
system. In particular, the uncertainty in Vus contributes a significant amount to the test of CKM
unitarity and needs to be reduced both experimentally and theoretically.

It is quite feasible to reach, or even surpass, a comparable precision in the neutron-decay
system, but unresolved experimental problems are presently precluding improvement. It is
not the statistical precision of experiments but rather the spread in the central values among
experiments that is the core issue. Some experiments have underestimated systematic effects,
and it is clear that new experiments are necessary to resolve discrepancies.

Knowledge of the neutron lifetime, where measurements had shown good consistency for
more than two decades, is again uncertain with the most precise measurement being more than
six sigma from the PDG 2008 average. The situation is presently unacceptable but significant
efforts are directed toward a resolution. New techniques using magnetically confined UCN that
reduce concerns about walls interactions are being developed, and improvements of existing
techniques using both UCN and cold neutrons are ongoing. It is reasonable to think that the
disagreement in the lifetime will be resolved in the near future, and also that its uncertainty
will be reduced significantly below the 1 s level.

The largest factor contributing to the uncertainty in the determination of Vud in the neutron
comes from λ, but it is important to note that it predominantly arises from the application of a
scale factor to cover the dispersion in the measurements of the spin-electron asymmetry. The
uncertainty in individual measurements is significantly less and is expected to be much smaller
from measurements already in progress. The most precise experiment has greatly improved the
dominant corrections and systematic effects and continues to do so, but it is still unsatisfying
not to have confirmation from another experiment at a similar level of precision. Fortunately,
the prospects for doing so are quite good; they come from an experiment to measure A using
ultracold neutrons and also from efforts to significantly improve the somewhat neglected
electron–antineutrino correlation a.

Studies of T invariance with neutron correlations should continue to improve. Neither of
the recent D-coefficient experiments were limited by systematic effects, and it is feasible that
new efforts could approach the level of final-state interactions. The first measurement of the
R coefficient already makes a significant improvement in the limits on the relative strength of
imaginary scalar couplings.
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There are a number of new ideas in neutron beta decay that may come to fruition in
the coming years. The possibility of measuring correlations, not just the lifetime, with high
statistics using ultracold neutrons is an intriguing prospect that could provide competitive
uncertainties but with dramatically different systematic effects. The detection of neutron
decay directly into hydrogen affords the exciting possibility of supplying an unambiguous
signature for right-handed currents. There is also proposal to build a high-flux source of
neutron decay products that could greatly enhance the statistical power for angular correlation
measurements [150]. Although still a relatively small field compared to other areas in nuclear
and particle physics, the opportunities in neutron beta-decay physics are growing and should
yield even more results.
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