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Abstract

The impact of new and highly precise neutron β decay data is reviewed.We
focus on recent results from neutron lifetime, β asymmetry, and electron–
neutrino correlation experiments. From these results, weak interaction
parameters are extracted with unprecedented precision, which is possible
also because of progress in effective field theory and lattice QCD. Limits
on New Physics beyond the Standard Model derived from neutron decay
data are sharper than those derived from high-energy experiments, except
for processes involving right-handed neutrinos.
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1. INTRODUCTION

The β decay of the neutron into a proton, electron, and electron–antineutrino, n → p+e−ν̄e, is
a fascinating field of study. It addresses many basic issues of contemporary physics and is rele-
vant at the smallest scales of elementary particle physics up to the largest scales of space-time in
cosmology, astrophysics, and solar physics. Most experiments in nuclear and particle physics use
accelerators with energies from the MeV up to the TeV scale. In contrast, slow [i.e., thermal, cold,
or ultracold neutrons (UCNs); see Table 1] have energies from meV down to peV, 24 orders of
magnitude below the TeV scale, which is a world apart, unfamiliar to the majority of nuclear or
particle physicists.

Because of their neutrality, neutrons cannot easily be accelerated, deflected, or focused. This is
the burden of experimental neutron physics, but at the same time, it is its main asset: Neutrons re-
act to all known forces of nature but not to the usually overwhelming electrostatic force.Neutrons
are therefore highly sensitive to the subtlest effects.

Table 1 Mean kinetic variables of slow neutrons

Neutron type
Kinetic variable

E0 υ0 T
Thermal 25 meV 2,200 m s−1 273 K
Cold 2.5 meV 700 m s−1 24 K
Ultracold <300 neV <8 m s−1 Teff ≈ 3 mK

E0 indicates kinetic energy at most probable velocity υ0 at temperature T.
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EFT: effective field
theory

EDM: electric dipole
moment

In Section 2, we describe the special flavor of experimental work with slow neutrons. The
theory of neutron decay, including effective field theory (EFT) and lattice gauge theory, is treated
in Section 3. Recent neutron decay experiments are reviewed in Section 4. Section 5 discusses
applications of neutron decay data. EFT and lattice gauge theory make it possible to compare
limits on New Physics obtained from low- and high-energy experiments, as shown in Section 6.

Previous reviews on neutron decay include References 1–5 and a series of articles introduced
by Reference 6, plus a recent neutron conference (7) (for reviews on β decay in general, see
8–10 and references therein). In view of these previous reports, the present review focuses on the
exciting developments of the past few years.

Neutron β decay is a subfield of neutron particle physics, which also covers searches for a
neutron electric dipole moment (EDM) (11) of neutron–antineutron (12) and neutron–mirror
neutron oscillations (13), all of which are sensitive to neutron energy shifts on the 10−24 eV scale.
Furthermore, there exist studies on hadronic parity violation (14), gravitational quantum states and
limits on dark energy (15), and the foundations of quantummechanics via neutron interferometry
(16), together with firsthand observations of geometric phases (17) and dressed particle effects
(18).

2. WORKING WITH SLOW NEUTRONS

The neutron sources used for β decay experiments are of two types: reactor sources, such as FRM
II, ILL, NIST, PNPI, and TRIGA Mainz; and spallation sources, such as ESS, J-PARC, LANL,
PSI, and SNS.We first list some of the peculiarities of cold neutrons and UCNs.

2.1. Generation, Transport, and Storage of Neutrons

In this section, we discuss the methods of slow-neutron generation and show that, because of their
zero electrical charge, the handling of the generated neutrons differs strongly from the handling
of charged particle beams.

2.1.1. Generation of cold and ultracold neutrons. Reactor sources are conventional nuclear
reactors running at low power between 20 and 100 MW and optimized for a continuous high
neutron flux. Spallation sources use accelerators to bombard a target of heavy nuclei with protons
of typically GeV energy, releasing ∼30 neutrons per collision. In both cases, the neutrons are
generated with energies of up to several hundreds of MeV and must first be moderated to room
temperature, usually in a bath of heavy water several meters in diameter. Neutrons can be further
cooled to∼30 K in a secondary moderator containing several liters of liquid deuterium or another
material of low capture cross section. UCNs, which were first obtained in the late 1960s (19, 20),
are now produced by reflecting neutrons from the receding blades of a turbine (21) or by having
neutrons lose their energy to local excitations in superfluid helium or in solid deuterium (22).
Comparative measurements on different UCN sources are reported in Reference 23.

2.1.2. Transport of neutrons. Slow neutrons diffusing out of the moderator into beam tubes
behave more like a gas than a beam of particles. They can be handled only via their rather feeble
magnetic, gravitational, and strong interactions, which are of size 60 neV T−1, 100 neV m−1,
and <300 neV, respectively. In condensed matter, the de Broglie wavelength of slow neutrons is
comparable to the interatomic distances (∼Å), while the range of the strong force is limited to the
size of the nuclei (∼fm). Therefore, in ordinary matter the neutron’s strong interaction (∼108 eV)
is suppressed by a factor of ∼(1 fm/1 Å)3 = 10−15 to at most 300 neV. This small interaction,
which is repulsive for most materials, is at the basis of neutron guides: glass channels (up to 20 cm
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SM: Standard Model

high by 6 cm wide by 160 m long) whose inner surfaces are coated with a totally reflecting layer
of metal (24). For cold neutrons, the critical angle of total reflection θc ≈ (Epot/Ekin )1/2 can reach
∼10 mm m−1. The first ballistic neutron guide (25, 26)—of low loss due to the variation of the
guide’s cross section along the beam axis—was coated with a multilayer supermirror (27) and was
dedicated to neutron particle physics. Monochromatic neutrons are obtained with fast-turning
mechanical velocity selectors or by time of flight if the beam is pulsed.

2.1.3. Storage of ultracold neutrons. In a guide for UCNs, the repulsive potential exceeds
the kinetic energy of the neutrons; hence, they are totally reflected for any angle of incidence.
If the UCNs fill a totally reflecting reservoir at the end of a guide (volume up to 1 m3), whose
entrance door is closed after filling, then this reservoir acts as a neutron bottle where neutrons
can be stored for periods much longer than their lifetime of ∼15 min. In the bottle, the UCNs
follow flight parabolas that are interrupted only by elastic reflections from the walls.The relatively
high temperature of the material walls does not heat the UCNs because phonon densities are low
in condensed matter (for tiny residual interactions, see 28). In the vertical direction, UCNs can
be confined gravitationally if the height of the bottle is of the order of meters. Polarized UCNs
can also be stored magnetically in a repulsive magnetic potential when field maxima are of order
Tesla (for details of UCN storage, see 29–31).

2.2. Polarization and Detection of Neutrons

Neutron polarization and detection require very specific tools as well.

2.2.1. Spin-polarization of neutrons. Thermal or cold neutrons can be polarized via the spin
dependence of their magnetic or strong interaction.This is achieved by total reflection frommag-
netized supermirrors (32) or by transmission through nuclear spin-polarized 3He gas, achieving
>99% polarization with 10−4 precision for beams up to a decimeter in diameter (see 33, 34).Neu-
tron spins are inverted in-flight with near 100% efficiency by the adiabatic fast-passage method.
To polarize a beam of UCNs, one simply blocks one spin component by applying a strong mag-
netic field across the beam.

2.2.2. Detection of neutrons. Slow neutrons can only be detected destructively, via various
neutron capture reactions. For a long time, 3He-filledGeiger–Müller tubes were standard neutron
detectors. Because of the 3He shortage of recent years, several new neutron detection systems were
developed (see 35, 36). To detect UCNs, one must let them fall down by ∼1 m to gain sufficient
energy to overcome the reflective potential of the detector surface.

3. THEORY OF NEUTRON DECAY

3.1. V-A Theory

After a brief sketch of the weak interaction in general, neutron β decay is treated first on the quark
level, then on the nucleon level.

3.1.1. The electroweak interaction. In the Standard Model (SM), the electromagnetic inter-
action and the weak interaction are unified at the electroweak scale υ = 2MW c2/g = 246 GeV,√
2 times the expectation value of the Higgs field.MW = 80.4 GeV/c2 is the mass of theW± bo-

son, the mediator of weak transitions. The dimensionless weak coupling constant g is related to
the Fermi coupling constant by GF/(�c)3 = (

√
2/8)g2/(MW c2)2 = 1.166 × 10−5 GeV−2, which is

known with great precision from muon decay (37).
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CVC: conserved
vector current

CKM: Cabibbo–
Kobayashi–Maskawa
quark mixing

Table 2 The covariant bilinears and their properties under Lorentz transformation

Covariant bilinear

ψ̄ψ ψ̄γμψ ψ̄γμγ5ψ ψ̄σμνψ ψ̄γ5ψ

Type Scalar S Vector V Axial vector A Tensor Ta Pseudoscalar Pb

No. of
components

1 4 4 6 1

aThe tensor T operator is σμν = 1
2 i(γμγν − γνγμ ).

bThe pseudoscalar P operator is γ5 = iγ0γ1γ2γ3.

Symmetry requirements tell us much about the interaction. The Lagrangian must be a scalar
under Lorentz transformations. For a four-fermion contact interaction at a single point of space-
time, such as β decay with energy E � mW c2, the operators in the Lagrangian are the scalar prod-
ucts of five covariant bilinear objects (seeTable 2). These objects involve the 4× 4 γ matrices (the
building blocks of relativistic Dirac theory) and the four-component fermionic Dirac spinors, ψ .

For unknown reasons, only the V-A linear combination ψ̄γμψ − ψ̄γμγ5ψ = ψ̄γμ(1 − γ5)ψ
seems to be realized in nature. A parity transformation, (t, x) → (t,−x), changes the sign of ψ̄γμψ
but not that of ψ̄γμγ5ψ , while both operators occur with equal magnitude; hence, the V-A cou-
pling is maximally parity violating. The operator 1 − γ 5 projects out left-handed neutrinos (νL)
and right-handed antineutrinos (ν̄R).

3.1.2. Neutron decay at the quark level. On the quark level of neutron decay, d → ueν̄e, with
up and down quarks u and d, the V-A Lagrangian density (abbreviated hereafter as Lagrangian) is

Lq = −(GF/
√
2) Vud [ψ̄eγμ(1 − γ5)ψνe ][ψ̄uγ

μ(1 − γ5)ψd ], 1.

withGF/
√
2 = 0.634 × 10−7 GeV fm3 and summation over the repeated index μ= 0, 1, 2, 3. The

components of the relativistic four-vectors ψ are reshuffled by multiplication with the γ matrices.
The unification of the weak interaction and the electromagnetic interaction requires the weak

current to be a conserved vector current (CVC) in the same way that the electromagnetic current
is a CVC. The weak CVC holds across the three particle families, but only if we take into account
that, again for reasons unknown, the weak eigenstates of the quarks are slightly rotated away from
their mass eigenstates, with angles given by the Cabibbo–Kobayashi–Maskawa (CKM) quark-
mixing matrix (38, 39), whose first (up–down) matrix element, Vud, enters Equation 1. The CKM
matrix must be unitary, which means |Vud |2 + |Vus|2 + |Vub|2 = 1 for its first row, where Vus de-
scribes themixing of the u quark with the strange (s) quarks of the second particle family.The third
term, |Vub|2, which involves the bottom (b) quarks of the third family, is negligible in this context.

3.1.3. Neutron decay at the nucleon level. Neutron decay is observed not at the quark
level but instead at the nucleon level. The complicated internal structure of the nucleons
must be accounted for by introducing form factors, with ψ̄pγ

μ[gV(q2) + gA(q2)γ5]ψn replacing
ψ̄uγ

μ(1 − γ5)ψd . In neutron decay, the four-momentum transfer q can be neglected, so the form
factors can be taken at q2 → 0 and are then called coupling constants. Analogous to the anomalous
magnetic moment component of the electromagnetic current (with which it forms a weak isospin
triplet), a term called weak magnetism (40) must be added that is proportional to the difference of
neutron and proton anomalous magnetic moments (κp − κn = 3.7 in nuclear magnetons), leading
to a ∼1% extra decay amplitude.

In contrast to the weak vector current, electroweak unification does not require the conser-
vation of the weak axial-vector current, which has no analog in electromagnetism. In principle,
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PCAC: partially
conserved axial-vector
current

the axial coupling gA could be very large in the strongly interacting environment of nucleons.
Yet, all the complications due to the interior structure of the neutron can be reduced to a simple
numerical factor, λ� gA/gV ≈ −1.275, which is surprisingly close to −1. Although required by the
partially conserved axial-vector current (PCAC) hypothesis (41), an induced pseudoscalar term,
though present, is still negligible in neutron decay despite a large coupling gP ≈ 230 from lattice
QCD (42). With Hamiltonian density H = −L, the nucleon transition matrix element then is

Mn→p = (GF/
√
2) Vudψ̄p

[
γμ (1 + λγ5) +

κp − κn

mp +mn
σμνqν

]
ψn. 2.

In the decay probability, proportional to |Mn→p|2ρ, the final-state density ρ determines the
spectra and angular distributions of the outgoing particles (for references, see 43, 44).

3.2. The Observables

The neutron’s β spectrum, shown in Figure 1a, has an endpoint energy E0 = 0.782 MeV, while
the proton’s endpoint energy is only 751 eV. Integration of the spectrum over electron energy E
gives the neutron decay rate

τ−1
n = G2

F

(
mc2

)5
2π3�(�c)6

Vud2
(
1 + 3λ2

)
f

(
1 + δ

′
R

)
(1 +�R), 3.

with a phase-space statistical factor f and radiative corrections δ′
R and �R (see Section 5.2.1).

Besides the neutron lifetime τ n, there are many other observables, which can be described
by so-called correlation coefficients. The possible correlations are obtained by writing down all
dimensionless scalars that can be constructed from the momenta p and angular momenta σ of
the four particles involved in neutron decay. Slow neutrons are effectively at rest, pn = 0, and the
polarization σp of the slow protons is practically inaccessible. The equally inaccessible neutrino
momenta pν̄ can be reconstructed from the measured electron and proton momenta. This leaves

5
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Figure 1

Observables in neutron decay. (a) Measured and calculated β energy spectrum. Panel adapted from Reference 50. (b) Recipe for the
construction of double and triple scalar products in neutron decay correlations. The experimentally accessible momentum and angular
momentum vectors pe, pν̄ , σn, and σe are placed on the corners, the respective correlation coefficients formed by their scalar products
on the edges, and their time reversal–violating triple products on the faces of a tetrahedron, shown as seen from above.
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QFT: quantum field
theory

Table 3 Neutron β decay correlations measured to date

Correlation Scalar product Symmetry violated
Electron–antineutrino correlation a a pe · pν̄ —
Fierz term b b SM: V-A
Beta asymmetry A A pe · σn P
Neutrino asymmetry B B pν̄ · σn P
Proton asymmetry C C pp · σn P
Triple correlation D D σn · (pe × pν̄ ) T
Triple correlation R R σe · (σn × pe ) P, T
n polarization–e polarization correlation N N σe · σn —

Abbreviations: P, parity; T, time reversal.

us with two vectors, pe and pν̄ , and two axial vectors, σn and σe. They all change sign under time
reversal operation T; hence, scalar products of an even number of these vectors are T invariant,
whereas products of an odd number of vectors signal T violation.

Six twofold, four threefold, four fourfold, and one fivefold scalar products can be formed from
these vectors. Of the 16 possible correlation coefficients (including the Fierz term),Table 3 lists
the eight that have been studied so far (see 45–47 for their dependence on the weak couplings gi,
i = V, A, S, T). In the SM, all correlation coefficients are functions solely of λ = gA/gV. Hence, in
view of the many observables, the problem is overdetermined, and various tests beyond the SM
are possible (see Sections 5 and 6). The Fierz interference term b (48, 49) vanishes in the SM (see
Section 5.3.4).

Figure 1b is meant as a mnemonic for the six double correlations with coefficients a, A, B, G,
H, and N and the four T-violating triple scalar correlations with coefficients D, L, R, and V (D on
the bottom face not shown). As an example, the pe-σn correlation gives the angular distribution of
the β asymmetry, 1 + Ape · 〈σn〉c/We = 1 − APn(υ/c)cosθ , with the angle θ between pe and <σn>,
the electron helicity cpe/We = −υ/c with total energyWe = E +mc2, and the neutron polarization
Pn = 〈σn〉.

Neglecting small radiative and other corrections, the dependence of the β-ν correlation a, the
β asymmetry A, and the neutrino asymmetry B (to name just a few) on λ = gA/gV is (45)

a = 1 − λ2

1 + 3λ2
, A = −2λ(λ+ 1)

1 + 3λ2
, B = 2λ (λ− 1)

1 + 3λ2
. 4.

3.3. Effective Field Theory

The physics of elementary particles is based on quantumfield theory (QFT). InQFT,one first pos-
tulates a set of symmetries, which includes the symmetries of the SM group SU(3)×SU(2)×U(1)
and the Poincaré group of special relativity. Then one writes down the most general Lagrangian
L0 that obeys these symmetries and that is renormalizable (has removable divergences). The ele-
mentary particles are defined and distinguished from each other solely by their quantum numbers
under the postulated symmetries. For a given experimental energy scale �0, the only fields that
enter the Lagrangian L0 are those whose masses can be produced at this scale.

3.3.1. Properties of effective field theories. One often wants to know whether some virtual
physical process that takes place at an inaccessible energy scale � 
 �0 has a measurable effect
in an experiment done at a low energy scale �0. The aim of EFTs is to construct a low-energy
effective Lagrangian, Leff, that takes into account such virtual high-energy processes. To this end,
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Table 4 The dimensions of various field operators

Field With dimension 4 of Lagrangian and: Follows for dim(F)
Photon field tensor F L = −1/4FμνFμν dim(F) = 2
F with four-vector potential A Fμν = ∂μAν − ∂νAμ dim(A) = 1
Fermion field ψ L = −mψ̄ψ dim(ψ) = 3/2
Gluon field G L = −1/4GμνGμν dim(G) = 2
Higgs field ϕ L = −m2ϕ†ϕ dim(ϕ) = 1

one first writes down all possible operators Oi of higher dimensions that obey the same set of
symmetries as the well-known Lagrangian L0 and are built from all known fields with masses up
to the experimentally accessible scale �0. Then one expands the Lagrangian in terms of these
operators, usually restricting them to dimension 6,

Leff = L0 +
∑

i
ε
(6)
i

�2
O(6)
i , 5.

with dimensionless so-calledWilson coefficients εi (we drop the superscript), where�, which does
not depend on i, sets the global energy scale. Operators of odd dimensionality violate the already
strongly constrained baryon and/or lepton number conservation, while dimension 8 operators
O(8)
i are highly suppressed by their prefactor 1/�4. Results from EFTs are universal and model

independent. With EFTs, one can calculate the εi once and for all for a given type of process.
The EFT approach has had to overcome many difficulties, as described in Reference 51. Several
examples of successful EFTs are given in Reference 52.

How is the dimension of a field operator defined? With natural units � = c = 1, the quan-
tities E, p, and m can be expressed in units of mass, with mass exponents +1, while phases
like Et and px are dimensionless, and hence t and x have mass exponents −1. The mass ex-
ponent of an operator Oi is called its (mass) dimension, which we denote as dim(Oi). The
action S has the same dimension as Planck’s constant; hence, dim(S) = 0 under � = 1. With
action S = ∫Ld4x and dim(d4x) = −4, all Lagrangian densities have dim(L) = 4; for instance,
dim(Leff ) = dim(L0) = dim(O(6)

i ) + dim(1/�2) = 6 − 2 = 4 (see Table 4).

3.3.2. Effective field theory of neutron decay. The conventional description of β decay in
Section 3.1 turns out to be a low-energy EFT approximation to the SM. Indeed, the dimension
of the operator Oi ∝ [ψ̄eγμ(1 − γ5)ψνe ][ψ̄uγ

μ(1 − γ5)ψd ] in Equation 1 is 4 × dim(ψ) = 6 (from
Table 3, or from ψ ∝ 1/

√
V ). The dimension of the prefactor GF, in ordinary units GeV fm3, is

dim(GF) = 1 − 3 = −2. Therefore, Lq in Equation 1 is an effective Lagrangian of the same type
as Equation 5, with prefactor ε/�2 = GF/

√
2 and a single dimensionless Wilson coefficient ε.

Knowledge of GF gives no information on the weak interaction scale �.
To obtain the most general Leff, the V-A operators of Equation 1 must be complemented with

all other possible four-fermion contact operatorsOi of dimension 6.These are built from the com-
plete set of i=V,A, S,T, and P operators listed inTable 2, operating on the same fermion fields of
u, d, e, and ν̄e as Lq. To give an example, the EFT tensor T operator is Oi ∝ (ψ̄eσμνψνe )(ψ̄uσ

μνψd )
withWilson coefficients εT. These V, A, S, T, and P operators had already been included in Lee &
Yang’s (53) seminal article on parity violation. A simple one-to-one correspondence exists between
Lee & Yang’s coefficients Ci, Ci ′ and the Wilson coefficients εi. For our example of a tensor T in-
teraction, this correspondence reads CT +C′

T = (8/
√
2)GFVudgTεT (for a complete list, see 10).

One can also add to the left-handed (L = V − A) terms right-handed (R = V + A) terms by
replacing in the quark sector 1 − γ 5 with 1 + γ 5, and one preferably replaces the i = V, A, S,
T, P scheme with the i = L, R, S, T, P scheme, which strongly reduces correlations between the
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Standard Model
effective field theory
(SMEFT): effective
field theory at energies
above the Standard
Model scale

various observables. One then speaks of left- and right-handed currents with Wilson coefficients
εL and εR. If, instead, 1 ∓ γ5 appears in the leptonic sector, one refers to the left- and right-handed
neutrinos, with Wilson coefficients ε̃i in the notation of Reference 10 and others.

To implement EFT at the nucleon level, one adds to Equation 2 all L, R, S, T, and P nucleon
matrix elements (54, 55), like the above tensor T element gTψ̄pσμνψn. The first EFT formulation
of neutron decay (56) succeeded in reproducing the order 10−3 radiative and recoil corrections,
which have been derived before with conventional methods (see 57 and references therein). An-
other useful result of this EFT calculation is that the next-order corrections can be limited to 10−5

or smaller. However, at present, low-energy EFT universality cannot be tested in neutron decay
because data for other processes with the same particle content, such as pion β decay, are not yet
accurate enough. Other uses of neutron decay EFT are discussed in Sections 5 and 6.

3.3.3. StandardModel effective field theory. In high-energy physics, no new particles beyond
the SM have yet been observed; therefore, searches for indirect signals have led to a revival of
high-energy EFT methods called SMEFT (Standard Model effective field theory) (58), which
was initiated in 1986 (59) (for recent elaborations, see 60, 61). The lower-scale �0 of SMEFTs is
not the MeV scale of β decay but instead the electroweak scale υ = 246 GeV, so the upper-scale
�
 υ is far beyond theTeV scale and is not yet within experimental reach. In SMEFT,Equation 5
still holds, but with a different field content in the operatorsOi, built from all known fermion and
boson fields and not only from the u, d, e, and ν̄e fields (for a list of such operators, see 55). The
low-energy Wilson coefficients εi are replaced by a larger set of SMEFT Wilson coefficients w j ,
which are related to the εi by appropriate matching conditions (see 10, equation 55).

A primary aim of contemporary particle physics is to find the EFTWilson coefficients,whether
from low- or high-energy experiments. The SMEFT approach permits comparison of limits from
high-energy experiments with those from low-energy experiments, as discussed in Section 6. Ex-
periments provide limits of the products giεi and gjw j , so to determine the Wilson coefficients,
one needs to know the various couplings gi.

3.4. Lattice Gauge Theory

The weak couplings gA, gS, gT, and gP are dominated by strong-interaction effects. QCD at low
energy cannot be calculated with perturbative methods because the running coupling constant
of the strong interaction is no longer a small number. Today, calculations of the weak coupling
constants are obtained primarily with lattice QCD theory, formulated on a large lattice of points
in space and time, with periodic boundary conditions. The quark fields are placed on the lattice
sites and are connected to their neighboring sites by the gluon fields. Lattice QCD relies on
Monte Carlo methods and requires large computing resources. The axial coupling is calculated
with a precision of ∼1% to gA = 1.271(13) in Reference 62 and to ∼3% in References 63–65. The
numbers in parentheses give the one-standard-deviation error in units of the least significant digit.
The results are compiled in the FLAG Review 2019 (66), which averages them to gA = 1.251(33).
Scalar and tensor couplings are calculated to be gS = 1.02(10) and gT = 0.99(4).

4. NEUTRON DECAY EXPERIMENTS

Many clever approaches exist to measure neutron decay parameters. The format of the present
review allows us to cover only a small number of these, and we concentrate on results from the past
few years, whose statistics dominate earlier experiments. Only briefly listed are other experiments
from the past decade and running experiments, both well covered in Reference 10, while projected
experiments are covered in Reference 67. If in the following a result is given with no reference,
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then it is from the Particle Data Group (PDG)-2020 (68) (for an overview of results that enter the
PDG-2020 average, see Figure 4 in Section 5).

4.1. Neutron Lifetime

In the past few years, the precision of neutron lifetime measurements has considerably improved.
We treat two recent lifetime measurements in more detail and briefly list other ongoing lifetime
experiments.

4.1.1. General considerations. Early lifetime experiments were done with neutrons in-beam
(69, 70); later ones also used UCNs stored in magnetic (71, 72) or material (73) bottles (traps).
Contemporary neutron bottles are filled for several minutes with UCNs, and then the door of
the bottle is closed. For several further minutes, the spectrum is cleaned from quasi-stable UCNs
whose kinetic energy is (usually only slightly) higher than the repulsive potential of the confining
walls. To avoid quasi-stable orbits, all UCN traps have some curved or corrugated surfaces that
favor unstable chaotic trajectories. After a holding time T, the door is reopened and the number
N(T) of surviving UCNs is counted. This is repeated for two or more different holding times,
with T ranging from a few minutes up to some fraction of an hour. If no UCNs are lost, τ n can be
obtained from an exponential fit toN (T ) ∝ exp(−T/τn ), and no absolutemeasurement is required
(for a recent review, see 74).

Lifetime experiments “in-bottle,” on which we focus here,may suffer from uncontrolled UCN
losses. For material storage, these are due to residual inelastic wall interactions; for magnetic stor-
age, they are due to uncontrolled neutron spin flips. The energy spectrum of the stored UCNs is
extremely sensitive to small perturbations: Even the slow closure of the entrance port of a UCN
bottle can visibly shift the lifetime result (75).

In the experiments described in the next two subsections, the UCNs are guided into the trap
from below and are vertically confined by gravitation. At the end of a storage cycle, the UCNs
leave the bottle through the same port to fall onto a UCN detector that is installed ∼1 m below
the trap.

4.1.2. Lifetime τn with PNPI Gravitrap2 at ILL. In this material bottle experiment (76),
gravitational confinement limits UCN energy to 60 neV. The trap’s copper walls are covered with
a hydrogen-free grease and are cooled down to liquid nitrogen temperature, such that losses due to
inelastic wall collisions are strongly reduced.The bottle consists of two concentric interconnected
half cylinders 2 m in length, both filled with UCNs (see Figure 2a). The inner half cylinder (the
insert) has a radius of 0.6 m, and the outer half cylinder (the trap) has a radius of 0.7 m. The insert
and trap are independently rotatable about their common axis. Measurements are done with the
trap in its lowest position, which defines the total storage volume. By changing the angle of the
insert, the area of the reflecting surfaces to which the stored UCNs are exposed (and, with it,
the wall collision frequency) can be varied while keeping the trap volume constant. This allows
successive measurements with several different mean frequencies of wall collisions, whose results
are extrapolated to zero frequency (i.e., to zero wall losses).

At the end of each measurement with a fixed mean collision frequency, the energy spectrum
of the surviving UCNs, whose height distribution follows the barometric formula, is determined
by pouring the UCNs stepwise out of the trap onto their detector. This “decanting” is done by
first putting the trap and insert into their lowest position and then rotating (tilting) them together
through four different angles, each time counting the outflowing UCNs. The UCN energy in-
tervals corresponding to the successive tilt angles are 0–40.1, 40.1–50.5, and 50.5–56.6 neV. The
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Blinded
measurement:
method in which, to
eliminate bias, separate
teams of a
collaboration analyze
different parts of an
experiment with some
parameters hidden
before being officially
unblinded

Measurement
without insert

Thermal shieldUCN

Axis of trap and
insert rotation

Valve
Detector

Insert

Halbach array

Dump detector

Titanium
absorber

Trap

Measurement
with insert

UCN

a b

Figure 2

Two neutron lifetime instruments. The UCNs are guided into the gravitational traps from below. At the end of a counting cycle, they
leave the bottle downward into the UCN detector. (a) Cross sections of the PNPI bottle at ILL. Panel adapted with permission from
Reference 76; copyright 2018 American Physical Society. (b) Cross section of the UCNτ experiment at LANL. Panel adapted from
Reference 80; copyright 2017 C.L. Morris et al./CC BY 4.0. Abbreviation: UCN, ultracold neutron.

total process is simulated by Monte Carlo, which reliably reproduces the UCN rates over more
than four orders of magnitude (77). The longest measured storage time is only 2.5 s below the
extrapolated result, τ n = 881.5(0.7)(0.6) (the first error is statistical, the second systematic). Pre-
vious PNPI lifetime results (78) were far below the PDG averages of the time and were met with
disbelief (79), but they were later confirmed by the experiments described below.

4.1.3. Lifetime τn with the UCNτ trap at LANL. In this magnetic bottle experiment (81),
gravitational confinement limits UCN energy to 38 neV. The trap is a shallow bowl of 600-L
volume formed by an array of permanent magnets, with a 10-mT holding field superimposed (see
Figure 2b). The array is asymmetrically shaped to avoid quasi-stable UCN orbits.UCN losses are
excluded based on field maps measured near the magnetic surface (see 82 and references therein).

A special feature of the apparatus is that the surviving UCNs are counted in situ with a small
UCN detector movable vertically inside the storage volume, which allows energy-resolved mon-
itoring of UCN phase-space evolution. This monitor is a 10B-coated scintillator, which measures
either the α or the 7Li, emitted back-to-back after neutron capture. The scintillator is coupled
via two flexible light guides to photomultipliers, one at each end. A detector of the same type
is used for active cleaning of UCNs on quasi-stable orbits. The result of the blinded measure-
ment is τn = 877.7(0.7)(+0.4

−0.2 ) s. Corrections to the lifetime are smaller than the error. The largest
systematic error of one quarter second is due to microphonic heating.

4.1.4. Other lifetime experiments. The PNPI magnetic trap at ILL (83) is built from an up-
right cylinder of permanent magnets. A special feature of the experiment is that the UCNs are
transported into the decay volume from above via a UCN “lift.” This avoids changes to the UCN
spectrum that occur if, instead, the magnetic shutter at the trap’s bottom is used for filling. UCNs
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that suffer accidental spin flips leave the trap through this magnetic shutter and are counted sep-
arately. The result is τ n = 878.3(1.6)(1.0) s.

The Kurchatov material-wall trap at ILL (75) monitors upscattered UCNs in neutron detec-
tors installed outside the bottle. As in the gravitational PNPI trap, the effective surface area of the
trap (and, with it, the collision frequency) is enlarged at constant volume, in this case by inserting
large numbers of oil-covered copper strips. The result is τ n = 880.2(1.2) s.

The in-beam experiment at NIST (84) relies on absolute measurements of the average number
of cold neutrons in the decay volume, the number of decay protons, and the proton and neutron
detector efficiencies, from which τ n = 887.7(1.2)(1.9) s is derived, about four standard deviations
above the PDG-2020 average.

PDG-2020 averages the four latest bottle measurements described above plus two material
bottle results (85, 86)—the latter reevaluating the first 1986 UCN lifetime measurement (73)—
and derives a lifetime average τ n of 879.4(0.6) s, where the error is increased by a scale factor
S = 1.6 to account for deviate results.

4.1.5. Upcoming lifetime experiments. Future UCN in-bottle experiments are PENeLOPE
at FRM II (87),HOPE at ILL (88), and τSPECT at TRIGAMainz (89), all with magnetic storage.
New in-beam experiments are being prepared at J-PARC (90) [first result: τn = 898(10)(+15

−18 ) s]
and at NIST (91).

4.2. Neutron Decay Correlations

In recent years, the precision of neutron correlation measurements has strongly improved as well.
We treat a few recent correlation measurements in more detail and briefly list other ongoing
correlation experiments.

4.2.1. General considerations. Within the SM, all correlations depend only on λ = gA/gV, as
in Equation 4. The parity-violating β asymmetry A and the e-ν̄e correlation coefficient ameasure
the deviation of |λ| from unity with (about equal) high sensitivity for λ.We limit our discussion to
two recent β asymmetry A measurements and one β-ν correlation a measurement, and we quote
first neutron limits on the possible presence of a Fierz interference term b.

In these experiments, the charged decay particles spiral adiabatically about a magnetic guide
field, which connects the neutron decay volume with the detector(s). In the two asymmetry exper-
iments, Perkeo III and UCNA, two energy-sensitive electron detectors are positioned symmetri-
cally at both ends of the apparatus. These are fast plastic scintillators, which have low sensitivity
to γ -ray background and offer fast timing, as required for electron backscatter detection in the
opposite detector. The photons of the scintillators are read out by photomultiplier tubes; an al-
ternate scheme for photon readout with higher energy resolution is proposed in Reference 92. A
time-of-flight method for detector characterization was developed in Reference 93. In this con-
text, the detection of synchrotron radiation from gyrating β particles may also become interesting
(see 94 and references therein).

Magnetic transport has the advantage that for a decay event that occurs at an arbitrary position
x of the decay volume, the solid angle of initial emission along or opposite the field direction is
always exactly 2π , which makes such asymmetry measurements independent of the precise local
orientation B(x) of the field and of the detector position. In both β asymmetry experiments, the
guide field decreases toward the detector positions to exclude, by means of the inverse mirror
effect, glancing incidence on the detector due to the inverse magnetic mirror effect. The field
decrease also avoids local field minima within the decay volume, in which the electrons could
be temporarily trapped and could be lost or assigned to the wrong hemisphere. The spatial
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b

B fieldDownstream detector

Beam stop

1 m

Central solenoid

Copper decay volume

Spin flipper

Polarizer magnet
UCN detector

Polarimetry
shutter

Superconducting
spectrometer

Thin foil
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MWPC

Hall probe
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Calibration
source insertion

Chopper

Spin
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selector

Upstream detector

Collimation
system

Neutron guide
H113

Figure 3

Two neutron β asymmetry instruments. (a) Perkeo III: A pulse of cold neutrons, shown symbolically in light blue, enters the decay
volume from the left. Note the 1-m scale on the right. Panel adapted with permission from Reference 96; copyright 2019 American
Physical Society. (b) UCNA: The UCNs enter the 3-m-long decay volume from the forefront. Panel adapted with permission from
Reference 97; copyright 2018 American Physical Society. Abbreviations: MWPC, multiwire proportional chamber; UCN, ultracold
neutron.

distribution of charged decay particles on the detector surface after magnetic transport was
calculated and tested with electrons in Reference 95. Both experiments on A use a blinding
scheme for data evaluation to eliminate potential bias.

4.2.2. β asymmetry A with PERKEO at ILL. The Perkeo III instrument (96) (Figure 3a) uses
a monochromatized beam from ILL’s ballistic supermirror neutron guide, polarized to 99.10(6)%
and pulsed by a mechanical disc chopper with a duty cycle of 1:14. A high-density “cloud” of
cold neutrons moves freely along the beam axis through the instrument without meeting any
material obstacle and is finally absorbed in a beam stop. Neutron decay is observed only when
the neutron pulse is fully contained within the fiducial decay volume, whose length of ∼2 m can
still be optimized during later data analysis. A field of B = 0.15 T from normally conducting
coils projects the decay electrons without any edge effects onto their detectors. From the peak
electron rate of nβ � 1,000 s−1, it follows that the number of cold polarized neutrons in each
pulse is Nn = nβτn � 106. After the neutron pulse is completely absorbed by the beam stop, an
additional time window allows measurement of the background under the same conditions as the
signal—that is, with the neutron beam chopper closed. This reduces uncertainties related to the
background measurements to the 10−4 level. The result is A = −0.11985(17)(12).

4.2.3. β asymmetry A with UCNA at LANL. The UCNA experiment (97) (Figure 3b) uses a
dedicated UCN source driven by a proton accelerator that is polarized to 99.79(15)%. Typically,
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4,000 UCNs are stored in a horizontal 3-m-long cylindrical bottle with material walls and a
superconducting guiding field (B = 1 T). The bottle is closed by two thin windows that have a
combined thickness of 300 nm. To suppress background, low-pressure wire chamber detectors
closed by two 6-µm mylar windows are added, in coincidence with the subsequent electron
detectors. The additional electron interaction is addressed with Monte Carlo simulations. A
continuous electron rate of nβ = 25 s−1 is obtained at a very low background of 0.025 s−1. The
result is A = −0.12015(34)(63).

4.2.4. Electron–antineutrino correlation a with aSPECT at ILL. The correlation a is
inferred from the recoil spectrum of decay protons from a beam of unpolarized cold neutrons
(98). A variable electrostatic potential superimposed on the magnetic guide field serves as a
barrier to block the lower part of the energy spectrum from reaching the proton detector. An
integral spectrum at different blocking potentials is recorded, similar to the KATRIN experiment
on the neutrino mass (99). To determine the impact of systematic effects, measurements were
made for seven different configurations of the aSPECT apparatus, and key properties of the
instrument were deliberately changed from their optimum settings. A simultaneous fit to all
these measurements was done, including a full simulation of the apparatus. As a final result of the
global fit, a = −0.10430(84) with S = 1.2 was obtained, which results in a relative uncertainty of
�a/a = 0.8%, five times more precise than the best previous experiment. All values from the
seven individual configurations, including systematic corrections as well as their weighted mean,
are statistically in agreement with this result. Taking the average of the early results (100, 101),
of the aSPECT result (98), and of the new aCORN result (102) a = −0.10782(181) (blinded
analysis) gives the new global average a = −0.10486(75).

4.2.5. Fierz interference bn. The Fierz term b, which vanishes in the SM, multiplies β decay
spectra by a factor 1 + b mc2/(E +mc2), which decreases with increasing electron energy E. For
limits on b from various nuclear sources, readers are referred to Reference 103. A search in the
unpolarized neutron’s β spectrum by the UCNA Collaboration (104) gave bn = 0.067(5)(90−61).
A search in the polarized β asymmetry spectrum, where bn enters as A(E ) = A0(E )/[1 +
bnmc2/(E +mc2)], gave bn = 0.017(20)(3) from Perkeo III (105) and bn = 0.066(41)(24) from
UCNA (106). The electron neutrino coefficient a is not sensitive to bn except for secondary data
extraction effects (5).

4.2.6. Correlation coefficients B, C, D, R, and N. The neutrino asymmetry B must be de-
tected via e-p coincidence. The PDG-2020 average is B = 0.9807(30), and there have been no
new measurements in more than a decade. The individual results for B (see 107–109) are consis-
tent with each other, but there is a 2σ tension with the expected value BSM = 0.98710(8) obtained
when our average for λ is inserted into Equation 4.

The proton asymmetry C = xC (A+ B), with xC = 0.27484, is not an independent observable.
The only value C = 0.2377(26) from Perkeo II (see 110) is measured in e-p coincidence in two
detectors (each detector is sensitive to both protons and electrons) and is based on the same data
set that is used for B in Reference 109.

The non-SM T-odd (parity-even) triple correlation coefficient D, which depends on Im(λ),
was measured to D = −2.8(6.4)(3.0) × 10−4 at ILL (111) and D = −0.94(1.89)(0.97) × 10−4 at
NIST (112), using separate p and e detectors arranged under different angles around a cold neutron
beam. The PDG-2020 average is D = −1.2(2.0) × 10−4.

The non-SM T-odd and P-odd triple correlation coefficient R and the SM-allowed coefficient
N both involve the electron spin σe. The nTRV collaboration at PSI (113) used an arrangement of
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p and e detectors similar to that used for the D coefficient and succeeded for the first time
in installing electron spin analysis by Mott scattering on thin lead foils, with the results R =
0.004(12)(5) and N = 0.67(11)(5).

4.2.7. Rare StandardModel decay channels. The radiative neutron decay n → p+e−ν̄eγ is ac-
companied by the emission of a bremsstrahlung photon. Its branching ratio of ∼1% was precisely
measured with the NIST in-beam lifetime apparatus (114). The photon’s polarized spectrum was
calculated by EFT (115).

Another rare neutron decay channel is the bound β decay n → H + ν̄e, where the emitted
electron ends up in a bound S-state of hydrogen (H) with a branching ratio of 4 × 10−6. For an
experiment in preparation, readers are referred to Reference 116.

4.2.8. Upcoming correlation experiments. The following instruments are running or are be-
ing planned.

� Nab at SNS (117, 118) will use the time of flight of electrons and protons to determine the
electron–antineutrino coefficient a and the Fierz term b from cuts to the Dalitz plot.

� The proton asymmetry C can be measured without coincidence at high count rates by de-
tection of protons only. Recent results from Perkeo III are still blinded.

� PERC is a beam station that will deliver not neutrons but instead an intense beam of neutron
decay products, extracted from inside a neutron guide, for measurements of decay correla-
tions by interested experimental groups (119, 120).

� NoMoS is an R×B drift momentum spectrometer to be installed at PERC (121).
� ANNI will be a cold beam station at the ESS dedicated to neutron particle physics (122).

By exploiting the time structure of ESS, a successor to PERC could provide more than an
order of magnitude improved statistics.

� BRAND generalizes the nTRV concept of electron polarization measurement (see Sec-
tion 4.2.6) and proposes to measure simultaneously 11 correlation coefficients (123) in one
single run.

5. APPLICATIONS OF β DECAY DATA

5.1. Applications Other than Particle Physics

The rates of all weak processes that involve both leptons and quarks must be calculated from
measured neutron data. We first mention some applications outside of particle physics. In big
bang nucleosynthesis, the neutron lifetime enters twice: in the neutrino cross section σν ∝ 1/τn,
which determines at what time the early Universe falls out of equilibrium (∼1 s); and thereafter
in the decaying number of neutrons ∝ exp(−t/τn ) available for element production. The neutron
lifetime contributes the largest error in the calculation of the primordial 4He mass fraction (see
124, table 2).However, this theory error is markedly smaller than the observational error of stellar
4He abundance [see review 24, “Big Bang Nucleosynthesis,” in PDG-2020 (68)]. Hence, for the
time being, the experimental lifetime τ n is precise enough for this application. The same holds for
solar and stellar temperatures, which depend on neutron weak interaction data, and also for the
efficiencies of solar neutrino detectors based on inverse neutron decay. Therefore, we refer the
reader to our earlier review on these topics (3), and in the following sections we discuss applications
in particle physics only.

5.2. Results Within the Standard Model

In this section, we list results on SM weak interaction parameters derived from neutron, nuclear,
and pion β decay experiments.
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Serebrov 2005
Pichlmaier 2010
Steyerl 2012
Arzumanov 2015
Serebrov 2018
Pattie 2018
Ezhov 2018

Average τn PDG-2020

875 880 885
τn (s)

Bopp PERKEO 1986 A

Yerozolimsky 1997 A

Liaud 1987 A

Mostovoi 2001 A+B

Schumann PERKEO II 2008 C

Mund PERKEO II 2013 A

Brown UCNA 2018 A

Märkish PERKEO III 2019 A
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Hassan aCORN 2021 a
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Figure 4

Results of neutron decay experiments: (a) τ n and (b) λ = gA/gV. The blue vertical bands indicate the world
averages of PDG-2020. The corresponding references are cited in PDG-2020 (68) under the names
indicated in panels a and b. In the case of λ, the PDG-2020 data are updated with a from References 98 and
102. (c) Ft values for superallowed β decays, which include recent changes in nuclear theory, and their
average (Equation 7) indicated by the blue horizontal band. The neutron’s FtVn (Equation 8) is added at
Z = 1. Abbreviation: PDG, Particle Data Group.

5.2.1. Results from neutron β decay. Figure 4a,b shows the PDG-2020 data for the neutron
lifetime τ n and λ (updated), whose averages and scale factors are

τn = 879.4(0.6), S = 1.6; λ = −1.2754(11), S = 2.2. 6.

The most recent results for λ from A are in excellent agreement with each other (the last two are
from blind analyses). However, there is some tension with λ from aSPECT. These values for τ n
and λ can be used in Equations 3 and 4 to derive |Vud |n = 0.97377(33)τ (70)λ(11)RC, where RC
stands for radiative corrections, or |Vud |n = 0.97377(78).

In Equation 3 on τ n, the radiative corrections δ′
R and �R are needed. The so-called outer ra-

diative correction δ′
R depends only on the electron energy and charge number Z of the daughter

nucleus. For the neutron, the phase factor is f = 1.6887(2), and δ′
R = 1.014902(2) (from 125);
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hence, f (1 + δ
′
R) = 1.7139(2). �R is the transition-independent part of the radiative corrections,

which is the same for all nuclei, including the neutron.�R has recently been reevaluated using dis-
persion relation techniques (126, 127), leading to a reduced error and a 3σ shift from the previous
value to �R = 0.02477(24).
β transitions are often characterized by their ft values, with a measured half-life t and a cal-

culated phase factor f. When the transition-specific corrections are applied to the ft values, one
obtains the so-called Ft values. To permit comparison with nuclear Ft values below, we write, with
a spin factor 1/2, the corresponding neutron value Ftn = 1/2 ln 2 f τn(1 + δ

′
R) = 522.35(36) s. As

�R is universal, it does not enter the definition of Ft.

5.2.2. Results from nuclear β transitions. Nuclear superallowed 0+ → 0+ β transitions have
Ft0−0 = f t0−0(1 + δ

′
R)(1 + δNS − δC) with additional transition-dependent nuclear structure cor-

rections δNS and isospin corrections δC, which are of a similar size as δ′
R (typically ∼1.5%) but

are less well known. Hardy & Towner (128) found for the weighted average from 15 isotopes
Ft0−0 = 3,072.24(0.57)stat(0.36)δ′R (1.73)δNS s, or

Ft0−0 = 3,072.24(1.85) s. 7.

Using CVC, the neutron and the nuclear Ft values should be the same, but this holds only for the
vector part of the neutron Ft value, whose branching ratio is 1/(1 + 3λ2) = 17%, or

FtVn = (
1 + 3λ2

)
Ftn = 3,071.4(4.9) s, 8.

in good agreement with Ft0−0.

We display Ft(Z) in Figure 4c, starting at Z = 1. For the Ft0–0 values with Z > 1, we do not
use figure 3 from Reference 128, which shows the statistical errors but not the theory errors
from newly discovered distortions of the outgoing electron spectrum by nuclear polarizabilities,
accompanied by a global nuclear polarizability correction (129, 130). In Figure 4c we include
these theory errors, which were obtained from figure 4 of Reference 128.

The sizes of nuclear structure corrections applied to the f t0−0(Z) data are 10–20 times the
theory errors. In view of this fact, the excellent consistency of the final Ft0−0 results is a triumph
of nuclear theory. We see that the neutron’s FtVn competes well with the nuclear Ft0−0(Z), and as
discussed below, both are needed and complement each other.

The CKM matrix element Vud is obtained from Ft0−0(Z) using the relation |Vud |20−0 =
2,984.4(1.1) s/[Ft0−0(1 +�R)] from Reference 128. At present, this nuclear value is more pre-
cise than the neutron value by a factor of 2.5 and an order of magnitude better than the value
from the rare (1.0 × 10−8) pion decay (131). Altogether,

|Vud |0−0 = 0.97373(31), |Vud |n = 0.97377(78), |Vud |π = 0.97390(290). 9.

Even better limits are obtained from a global fit (132) with up to 14 parameters using EFT, based
on 6 neutron and more than 30 nuclear observables. This global fit (reduced χ2 = 0.8) sharpens
the neutron lifetime such that its additional dependence on λ leads to a 2.4 times better value for
λ:

λtotal = −1.27529(45) and |Vud |total = 0.97370(25). 10.

5.3. Limits Beyond the Standard Model

With EFT, large quantities of weak interaction data can be combined within a single fit (see 10,
132, 133), so why should we bother to evaluate neutron and other data separately? The answer is
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that each data source has its specific strengths and weaknesses, both from theory and experiment,
and it is good practice to have a separate look at them.Besides, overly tight guidance by perspective
outlooks may block serendipitous discoveries.

In the following subsections, limits on exotic processes and the corresponding Wilson coeffi-
cients are taken mostly from the reviews in References 9 and 10, some of which are updated in
Reference 132.

5.3.1. Cabibbo–Kobayashi–Maskawa unitarity. The first row of the CKM matrix involving
up quarks (u) is the most sensitive for finding deviations from CKM unitarity, with

�u
CKM ≡ |Vud |2 + |Vus|2 + |Vub|2 − 1 = −0.0012(7) or = −0.0021(7), 11.

depending on whether one derives Vus from K → μν̄μ or from K → πeν̄e decays (see 134, table 1).
This is two to three standard deviations away from the SM expectation. Limits on �u

CKM not
from the first row but from the first column are about three times weaker, and those on �s

CKM
from the row or column of the second family are about 40 times weaker [see review 12, “CKM
Quark-Mixing Matrix,” in PDG-2020 (68)]. A fourth particle family (Nν = 4) as a source of CKM
unitarity violation seems unlikely in view of the e+e− collider limit of Nν = 2.984(8), unless the
fourth neutrino has a huge mass.

Deviations fromCKMunitarity�u
CKM �= 0 can be induced by theWilson coefficients εL and εR

or by an exotic shift δGF of the Fermi constant relative to GF obtained from muon decay, which
would lead to a Vud shift of size �|Vud|2 = |Vud|2 (εL + εR − δGF/GF) and to a corresponding
Vus shift of size �|Vus|2. These shifts are strongly constrained by neutron and nuclear β decay
measurements to�|Vud|2 +�|Vus|2 = −0.0001(14) fromReference 10 (based on PDG-2018 data).

5.3.2. Dark neutron decay. Recently, the 4σ difference between in-beam and in-bottle neutron
lifetime results provoked a large number of investigations, initiated by Fornal & Grinstein (135),
asking whether this “neutron anomaly” might be due to additional neutron decays into exotic
dark particles. Dark decays would shorten the measured in-bottle lifetime but not the measured
in-beam lifetime. Using the new neutron data, such dark decays can be excluded as follows (136).
Under CVC, we expect that FtVn ≡ Ft0−0, or, from Equation 8, that 1/2ln 2 f τn(1 + 3λ2)(1 + δ

′
R) =

Ft0−0, from which the neutron lifetime is calculated as

τ λn = 2
ln 2

Ft0−0

f
(
1 + δ

′
R

)
(1 + 3λ2)

= 5,172.3 (3.1) s
1 + 3λ2

. 12.

An advantage of this SM link between neutron lifetime and λ is that it shows explicitly the inde-
pendence of �R and the uncertainties related to it, a fact not visible in the “SM master formula”
|Vud |2τn(1 + 3λ2)(1 +�R) = 4,900.1(1.1) s (updated from 137). With the new λ of Equation 6,
we obtain τ λn = 879.65(62) s. This value agrees with the bottle-lifetime average τn = 879.4(0.6) s
(which would be shifted if dark decays existed) but not with the in-beam lifetime 888.0(2.0) s,
which is insensitive to dark decays. This excludes dark neutron decays as an explanation of the
neutron anomaly at a level of 4σ .

5.3.3. Potential constraints from axial coupling gA. To isolate an exotic shift of gA like gA(1 −
2εR) induced by right-handed quark currents, one needs an SM prediction for gA. The sensitivity
to such a shift is limited to ∼1% by the error of gA from lattice QCD (see Section 3.4), not by the
∼10−3 error of the measured gA.
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5.3.4. Limits on scalar S and tensor T coupling. S and T couplings gSεS and gTεT enter β de-
cay linearly via the Fierz interference term b, and we know from lattice QCD (Section 3.4) that the
couplings gS and gT are close to one. A global fit to the 15 pure Fermi Ft0–0 values gives a precise
limit, bF = −0.0000(20) (from 128). This Fierz term depends on the scalar Wilson coefficient εS
as bF = [1 − (αZ)2]1/2gSεS (with α = 1/137), and its limit translates into εS ≈ gSεS = −0.0000(10).

The neutron Fierz term bn depends both on scalar and on tensor Wilson coefficients,
bn = (1 − α2)1/2(gSεS + 12λgTεT)/(1 + 3λ2), which can be disentangled by using the above
nuclear limit on gSεS. The results from Section 4.2.5 on bn from the neutron β asymmetry
spectrum A(E) give εT = −0.007(8) from Perkeo III and εT = −0.025(18) from UCNA, which
we combine to εT = −0.009(7). As pointed out previously (3), much better limits on the Fierz
terms are expected from neutron decay in a joint fit with B(E) and C(E) data, whose strongly
elongated χ2 contours are nearly orthogonal to those of A(E) and a(E).

A very tight limit, εT = −0.00028(53), is obtained from the ratio of the neutron β asymmetry
to that of 19Ne (138, 139). Even better limits come from the global fit (132) mentioned at the end
of Section 5.2.2, to which we add the limit on pseudoscalar interactions from pion decay (10),

εS = −0.0000(10), εT = 0.0001(3), εP = 0.000004(13), 13.

and conclude that these limits do not leave much room for deviations from the present SM with
its V-A structure. Note that for εT, we stick to the definition from Reference 10, which differs
from that of Reference 132.

5.3.5. Limits on time reversal violation. CP violation, and with it T violation, as observed for
kaons and Bmesons, is accommodated in the SM via a complex phase factor eiδ in the CKMmatrix,
with δ = 1.20(5) [taken from review 12, “CKMQuark-MixingMatrix,” in PDG-2020 (68)].These
SM effects are too small to be observable in β decay, and the same is true for a T-violating EDM.
In both cases, a nonzero effect would therefore be a unique sign of New Physics beyond the SM.

The T-violating neutron triple correlation coefficient D = −0.00012(20) (see Section 4.2.6)
is accompanied by finite-state interactions ∼10−5 (for EFT calculations on D, see 140). T
invariance requires coupling constants to be real, with relative phases being either 0 or 180°.
With sinφAV = D(1 + 3λ2)/(2|λ|), this D value corresponds to a phase φAV = 180.017(26)° of gA
relative to gV, which translates into limits on Wilson coefficients |Im(εL,R)| < 0.0004 at 90% CL.

The neutron triple correlation coefficient R = 0.004(12)(5) (see Section 4.2.6), with final-state
interactions ∼4 × 10−4, leads to limits on a T-violating phase φST of gS relative to gT. Its S and
T Wilson coefficients can be disentangled by using R = 0.009(22) from 8Li decay, which gives
a purely tensor limit Im(εT) < 0.0015, leading to |Im(εS)| < 0.06 for the neutron. Under rather
general assumptions it is possible to translate bounds on D and R into bounds on the neutron
EDM with much stronger ∼10−6 limits from the EDM (see 9, table 7).

5.3.6. Searches for right-handed quark currents. A decade ago, for the simplest case of left–
right symmetry manifest in the Hamiltonian (141), exclusion plots for right-handedWR mass mR

versus left–right mixing angle ζ had been derived from neutron β decay data (3), resulting in a
mass limit mR < 250 GeV and −0.23 < ζ < 0.06 at 95% CL. In addition, from the limit on
CKM unitarity violation follows |ζ | � 0.003 (see 142, figure 3). These limits can be translated
into Wilson coefficients, the mixing angle ζ corresponding to −εR, and the right-to-left mass
ratio squared corresponding to ε̃R (54). A nonzero ζ would change gA by a factor 1 − 2εR and Vud

by 1 − εR (10). The new neutron data do not change these limits significantly, and therefore we
do not reopen this topic.
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5.3.7. Tests of Lorentz invariance. Attempts to unify the SMwith general relativity often lead
to a spontaneous breaking of Lorentz invariance, a process parameterized in Reference 143. Such
a violation can be observed as a sidereal variation of many possible observables (for a recent list
of experiments, see 144). Searches for daily variations of neutron and nuclear β decay observables
(9) have obtained subpercent limits on such Lorentz violation (145).

In particle physics, the number of new models is almost unlimited, and so is the number of
constraints that may be derived from neutron decay, such as lepton flavor universality (146), so we
end our discussion at this point.

6. COMPARISON WITH HIGH-ENERGY LIMITS

6.1. The Standard Model Effective Field Theory Approach

SMEFTs,with�
�0 = 246GeV as discussed in Section 3.3.3, are built on a large number of field
configurations with corresponding unknownWilson coefficientswi (see 133, table 100).However,
being universal, SMEFT studies canmake global fits to even larger quantities of experimental data,
ranging from atomic CP-violating effects (147) through nuclear and particle β decays all the way
to the large trove of high-energy data. We have stated that low-energy EFTs are universal and
model independent, but it must be kept in mind that SMEFTs require several assumptions:

� The energy gap between � and �0 must be large, as it is guaranteed in low-energy EFTs
with � ∼ mW 
 E ∼ �0.

� Noexotic particlesmust exist withmasses below�0 (an exception is right-handed neutrinos).
� Exotic particles must be weakly coupled so that electroweak symmetry is linearly realized.
� At high energies, dimension 8 operators with their even larger number of field configurations

may not be negligible. Furthermore, the LHC limits quoted below assume that only one
operator at a time is present (sole source versus global analysis).

EFT techniques permit comparison of limits for processes with the same Feynman diagram.
An example can be found in pp collisions with dū → eν̄e (with the neutrino seen as missing trans-
verse energy), which have the same diagrammatic representation as the neutron decay d → ueν̄e.
When comparing low- and high-energyWilson coefficients εi andw j , the running of the coupling
constants with energy must be taken into account, and the high-energy coefficients w j must be
translated to low-energy coefficients εi and ε̃i, or vice versa, via appropriate matching conditions
(see Section 3.3.3).

6.2. Limits on Non–Standard Model Wilson Coefficients

Table 5 lists the best results on the EFT Wilson coefficients εi and ε̃i, both from low-energy
and high-energy experiments (deduced at the renormalization scale μ = 2 GeV in the minimal
subtraction scheme MS). We rely on References 5 and 10 for the translation of high-energy data
into limits on εi and ε̃i.

The LHC limits given inTable 5 were obtained at a proton collision energy of 8 TeV and will
improve with the LHC results taken at 13 TeV. In the new ATLAS release (150), the integrated
luminosity is increased from 20 to 139 fb−1, and the limits from low-energy experiments also are
continuously improving. Limits on a Wilson coefficient do not simply translate into limits on an
energy scale�, whichmust be based on a specific model.Dimensional reasoning suggests a scaling
εi, ε̃i ∝ (mW /�)2, such thatWilson limits of order 10−4 may lead to energy limits of order 10 TeV,
but this discussion is beyond the scope of the present article.
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Table 5 Wilson coefficients εi in the i = L, R, S, T, P scheme, which probe physics beyond the Standard Model, as
obtained from various low- and high-energy experiments

Type of interaction Wilson coefficient Type of measurement Reference
From neutron β decay
Tensor |εT| < 0.0003(5) A (neutron)/A (19Ne), A = β asymmetry 138
Tensor εT = −0.0001(3) All neutron and all nuclear data 132
Right-handed quark εR = 0.00(2) Neutron and nuclear Ft 10
Left-, right-handed quark, T/ |Im(εL,R)| < 0.0004 D (neutron) Section 5.3.5
Left-, right-handed quark, T/ |Im(εL,R)| < 0.000006,< 0.0004 Neutron EDM 9
Scalar, tensor, T/ |Im(εS ,T)| < 0.06,< 0.0015 R (neutron), with εT from R (8Li) 113
From nuclear and pion β decay, neutrino mass
Scalar εS = 0.0000(10) Superallowed Ft 128
Tensor −0.0011 < εT < 0.0014 Radiative pion π → eνγ 5
Pseudoscalar εP = 0.000004(13) Ratio (π → eν)/(π → μν) 10
Pseudoscalar, T/ Im(εP), |εP| < 0.0003 Ratio (π → eν)/(π → μν) 5
L, T: right-handed neutrino |ε̃L| � 0.01, |ε̃T| � 0.0005 Neutrino mass bound 9
From proton collisions at the LHC
Scalar, pseudoscalar |εS|, |εP| < 0.006 CMS pp → eν transverse energy 148
Scalar, pseudoscalar, tensor |εS|, |εP| < 0.005, |εT| < 0.0006 ATLAS pp → e+e− energy tail 149
S, P: right-handed neutrino |ε̃S|, |ε̃P| < 0.006 ATLAS pp → e+e− energy tail 149
Right-handed quark, right-handed ν |ε̃R| < 0.002 ATLAS pp → e+e− energy tail 149

The subscript L and R stand for left- and right-handed quark currents, respectively; the tilde stands for right-handed neutrinos. A,D, and R, referred to in
the third column, are correlation coefficients. T/ indicates time reversal violation. Errors in equalities are given at 1σ or 68% CL; errors in inequalities are
given at 90% CL or 1.64σ .

7. SUMMARY

This article has reviewed the present status of neutron β decay experiments with an emphasis on
new data for the neutron lifetime, the neutron β asymmetry, the β-ν correlation, and the Fierz
term.Their impact bothwithin and beyond the SM is considerable, in particular onCKMunitarity
(Equation 11), on putative dark neutron decays (see Section 5.3.2), and on limits on tensor and
other exotic couplings (Equation 13). Altogether, deviations from the V-A structure of the SM are
excluded well below the 10−3 level. Fifteen years ago, these limits were still on the 10% level (8).
New developments in EFT and lattice QCD theory have made it possible to compare constraints
on New Physics via the appropriate Wilson coefficients from low- and high-energy experiments
(seeTable 5). It turns out that neutron and other β decay experiments compare well with and are
in part complementary to limits derived from LHC experiments.

SUMMARY POINTS

1. Recent experiments on neutron β decay gave strongly improved results.

2. These new results led to better values of basic Standard Model (SM) quantities, like the
leading entry Vud of the CKM quark-mixing matrix, the axial coupling gA, and the cross
sections for neutrino–baryon reactions.
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3. A main topic of contemporary particle physics is searches for New Physics beyond the
SM. The new neutron and nuclear data permit exclusion of deviations from the V-A
structure of the SM well below the 10−3 level, two orders of magnitude better than
15 years ago.

4. Deviations from the SM are parameterized by appropriateWilson coefficients. Progress
in effective field theory permits us to compare limits onWilson coefficients fromneutron
decay with corresponding limits from high-energy proton–proton collisions.

5. Limits on Wilson coefficients from low-energy experiments are generally more precise
and require fewer assumptions than the corresponding high-energy limits.

6. High-energy experiments, by contrast, are more sensitive to non-SM right-handed
neutrinos, and this higher sensitivity makes them complementary to the low-energy
experiments.
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