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W N e

Abstract: We review the status of the Standard Model theory of neutron beta decay. Particular
emphasis is put on the recent developments in the electroweak radiative corrections. Given that some
existing approaches give slightly different results, we thoroughly review the origin of discrepancies,
and provide our recommended value for the radiative correction to the neutron and nuclear decay
rates. The use of dispersion relation, lattice Quantum Chromodynamics, and an effective field
theory framework allows for high-precision theory calculations at the level of 104, turning neutron
beta decay into a powerful tool to search for new physics, complementary to high-energy collider
experiments. We offer an outlook to the future improvements.
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1. Introduction

Compared to other hadrons that primarily decay via weak interaction, the neutron is very
long lived with the lifetime 7, ~ 15 min. The reason lies in the small phase space available
for the underlying decay n — p + e~ + 7,: the energy release M,, — M, — m, ~ 0.782 MeV
is three orders of magnitude smaller than the nucleon mass. The neutron—proton mass
difference, M, — M, ~ 1.293 MeV, is also smaller than the typical nuclear binding energy
per nucleon which amounts to ~7—8 MeV, making the bound neutron stable. The exact
value of the neutron lifetime (together with other quantities) determines the rate of the
p — p fusion process that fuels the sun [1].

A precise measurement of the neutron beta decay provides us with an accurate probe
of semileptonic charged-current interactions across the first generation of Standard Model
(SM) fermions. The Lagrangian density responsible for the d — u quark conversion reads

£evud = _\fZGFVude_'Y]iVL . l’_l'Y'u(l - 75)‘1 +h.c, (1)

withv, = %(1 — 75) v the left-handed neutrino field, Gr = 1.166 378 8(6) x 107> GeV 2 the
Fermi constant, and V,,; the top-left corner element of the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix [2,3]. With the Fermi constant known very precisely from
muon lifetime measurements, V, ; is the fundamental parameter of the SM that is of primary
interest in the studies of the neutron decay.

At low energies, the quarks are bound into hadrons, and their electroweak interactions
in Equation (1) are embedded into the Lagrangian density at the nucleon level. Dropping
for the moment the small nucleon recoil, the latter reads

Levpn = —V2GVgeyuvr - pr" (gv + gays)n +h.c. @)

The conservation of the vector current ensures that gy = 1 (modulo tiny corrections that are
quadratic in my; — m,,), but the axial coupling is not protected against strong renormalization.

Universe 2023, 9, 422. https:/ /doi.org/10.3390 / universe9090422

https:/ /www.mdpi.com/journal/universe


https://doi.org/10.3390/universe9090422
https://doi.org/10.3390/universe9090422
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0000-0001-9348-0557
https://orcid.org/0000-0002-3062-0118
https://doi.org/10.3390/universe9090422
https://www.mdpi.com/journal/universe
https://www.mdpi.com/article/10.3390/universe9090422?type=check_update&version=1

Universe 2023, 9, 422

2 of 26

The ratio of the two, A = g4/gv has to be known sufficiently, precisely to allow for an
extraction of |V,,4| from neutron decay [4]:

1

Vyglhoo ————— .
| ud‘n“Tn(1+3A2)

®)
At present, the best precision is warranted if the measurement of the lifetime is supple-
mented by that of A via one of the correlation coefficients introduced in Section 2.

We refer the reader to a recent review of the current experimental status of the neutron
B decay [5]. We summarize the existing extractions of V4, neutron lifetime, and A in
Figure 1.
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Figure 1. Experimental status of V,,4, T, and A as indicated in the legend and explained in the text.

PDG averages [4] are shown for T, (vertical green band, 73V = 878.4(5)s,
averaged over measurements in Refs. [6-13]) and A (wide light-blue diagonal band,
A = —1.2754(13), averaged over measurements in Refs. [14-23]) as indicated on the plot.
Alongside, the single most precise measurements of 7, with the bottle method [6] (orange
vertical band, TYNT = 877.75(34) s), that with the beam method [24] (yellow vertical band,
tBeam — 887.7(2.2)s), and A [16] (dark blue diagonal band, APERKEOIT — _1 27647 (56)) are
shown. The beam-bottle discrepancy in T, is elucidated by the distance between the yellow,
and orange and green vertical bands. The Cabibbo angle anomaly (CAA) corresponds to
the non-overlaping of the horizontal cyan (0" — 0" nuclear decays) and grey (unitarity
constraint plus Vs from kaon decays [4]) bands. It is also seen that, given the measure-
ments of A, the lifetime from bottle experiments is compatible with V, ; from superallowed
nuclear decays and with unitarity, while that from beam experiments suggests a significant
discrepancy with both, as pointed out in [25]. Anticipating the upcoming improvement in
the experimental uncertainties (and assuming the bottle lifetime value), we observe that
neutron decay will start resolving CAA in the near future.

Apart from the purely experimental precision which has tremendously improved over
the recent years, the accuracy of V,,; as obtained from neutron decay is limited by the theory
uncertainties, stemming from the strong interaction governed by Quantum Chromody-
namics (QCD) in its non-perturbative regime. These enter the proportionality coefficient in
Equation (3) and amount to ~ 10~* uncertainty to V,,4, following a recent reevaluation of
the SM radiative corrections (RC) with improved precision. A comprehensive overview of
these developments is the main focus of this work.
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This review is organized as follows. We start with a discussion of the observables
in neutron decay in Section 2. We lay out the structure of the SM RC in Section 3 and
concentrate on the yW-box in Section 4. Its evaluations within the effective field theory, and
lattice QCD frameworks are addressed in Sections 6 and 5, respectively. The consequences
for the new physics searches are reviewed in Section 7, upon which we conclude with
Section 8.

2. Differential Decay Rate

We are interested in the neutron decay process: n — p + ¢ + 7., where the decay
kinematics can be found in Appendix A. At tree level, it probes the single-nucleon charge-
current matrix element which, beyond the leading terms in Equation (2), reads

_ i v
= <P(PprSP)UIP/IV(O)‘”(Pmsn» = iis,(pp) ¥yt + 42MF2W‘7V (Pp = Pu)v
+Gavtys — Gp Vs(pp — pu)t | s, (pn) - 4)
2M

Flw , FZW , G4 and Gp are the vector, weak magnetism, axial and pseudoscalar form factors
which are functions of t = (p, — py)?, and M = (M, + M,) /2 is the average nucleon mass.

Given the small nucleon mass difference, recoil effects ~ 102 are small (but important
for precision [26]). In the non-recoil limit, only the vector and axial form factors are relevant.
In particular, we define ¢y = F}Y(0) and ¢4 = G4(0) as the neutron vector and axial
coupling constants (we follow the experimentalists” convention and take ¢4 < 0); here we
use the upper circle to denote the “unrenormalized” couplings, i.e., those coming from
purely strong dynamics. Conserved vector current (CVC) [27] entails ¢y = 1 in the isospin
limit. The deviation from unity requires strong isospin-symmetry breaking (ISB), and scales
quadratically with the small ISB parameter according to the Behrens-Sirlin-Ademollo-
Gatto (BSAG) theorem [28,29]. We refer the reader to Refs. [30-32] for numerical estimates,
and to Ref. [33] for a proposed strategy of computing this deviation in lattice QCD. In turn,
the axial current is not conserved, and §4 significantly deviates from —1. Recent lattice
QCD calculations [34-39] led to percent-level determinations [40]: §4 = —1.246(28) for
Nf = 2+1+1and —1.248(23) for Ny = 2+ 1. The couplings multiplying the recoil
corrections are numerically large. The weak magnetism in the exact isospin limit is given
by the isovector nucleon magnetic moment, F}¥(0) = u? — u"" = 4.70589007(45). The
pseudoscalar coupling is enhanced, Gp(0) = —(M/175)§4 = 349(9), with 171, the average
light quark mass [41], but the quadratic dependence on the small recoil suppresses it
beyond the current precision level.

The differential decay rate of a polarized neutron to unpolarized final states takes the
following form [42-44]:

_ (GpVi)? - _E 2) 2 fem (1)
), = (Bl — B0+ 90055 (14 G ()
Xem ¢(2) Pe Pv MM
X <1+(a+5ar)(1+ 2715 (Ee)> EE, erE(2 @)

o [(A+5Ar)<1 + SR (E.) ) £ + (B+ 5B, - +DP;><EPvD |
e v .E,

Above, ¢ is the unit neutron polarization vector and Eg = (M2 — M%, +m2)/(2M,,) is
the electron end-point energy. The quantities a,b, A, B, D are referred to as correlation
coefficients, and {da,, A, 6B, } are the known recoil corrections (~1/ M) thereto, generated
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by the nucleon magnetic moment [45]. If neglecting RC and recoil corrections, the non-
vanishing coefficients read:

1—A3 _ —2Mg —2A3 _ —2Mg+2A3

= T A0/ - 7 — 7 6
143227 7% 1432 70T 1432 ©

ao

where Ag = ¢4/§v is the ratio of the bare axial and vector coupling constants. The expres-
sions above suggest that one could measure the axial coupling ¢4 either through recoil
effects (ap) or the 7-dependence (Ao, By) in the differential decay rate.

To achieve 1072 precision it is necessary to include electromagnetic and recoil ef-
fects. The electromagnetic corrections to neutron decay are of two kinds. The first are
E.-dependent terms that distort the beta spectrum. The largest of such kind is the Fermi
function F(E, ), which describes the Coulomb interaction between the final-state proton and
electron [46]. The remaining E.-dependent terms not included in the Fermi function are
collectively coined as “outer RC” and appear as the corrections 612 (E,) in Equation (5).!
The relevant expressions can be found in, e.g., Ref. [47]. The further corrections that are
E.-independent are known as “inner RC”, and they modify the coupling constants in the
tree-level charged weak matrix element as

§v > 8v+0gv=8v,8a > 8a+38a =ga- @)

They renormalize the total decay rate by an overall factor g2, and the correlation coefficients
a, A, B are modified by replacing A in Equation (6) with the renormalized ratio A = g4/gv.

The coefficient b is often referred to as Fierz term and requires an effective scalar inter-
action. In the SM it is double-suppressed, b ~ an,/M, ~ 107® and hence is a promising
avenue to look for non-standard scalar and tensor currents [48,49] (see Refs. [50,51] for
limits from neutron decay). The coefficient D is a time reversal-odd effect [42] that can
be generated in SM by the final-state interaction effects, such as the Coulomb phase [52].
While beyond-the-Standard-Model (BSM) CP-violating contributions to D are severely
constrained by the neutron electric dipole moment (EDM) experiments, CP-conserving
BSM effects in interference with the SM Coulomb phase may generate D ~ 10~ testable in
the upcoming experiments [53,54].

Upon integrating over the phase space, the full decay rate I' = 1/, can be used to
determine |V,4| if we rewrite Equation (3) in a more detailed manner [55],

5024.7 s
Tu(143A2)(1+AY)

|Vud|$t =

®)

The numerator at the right hand side contains the effects of the Fermi constant Gr measured
from muon decay and the statistical rate function f [56,57], as well as the outer RC. Be-
yond the neutron lifetime 7, and the renormalized ratio A (both experimentally measured),
the denominator contains the theoretical quantity A¥ representing the inner RC to the
vector coupling. This quantity will be discussed in detail below.

To summarize, neutron decay serves a valuable tool to test internal consistency of SM.
In the electroweak sector, precise measurements of the neutron lifetime and correlation
coefficients (i.e., the renormalized axial coupling g 4) provide an accurate way of extracting
V.4 which can be compared with that obtained from nuclear and pion decays. Combined
furthermore with other CKM matrix elements extracted from heavier quark flavors decays,
it allows for highly accurate tests of unitarity of the CKM matrix, a cornerstone of SM. In the
strong interaction sector, the bare axial coupling constant ¢4 obtained from the measured
correlation coefficients can be confronted to the ever more precise lattice QCD calculations.
For both tests, precise knowledge of RC which should be removed from the measured
quantities for a meaningful comparison, is mandatory.
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3. Inner Radiative Corrections

The first systematic analysis of RC fully compatible with the SM electroweak theory
was established in 1978 by Sirlin [58]. It is not the purpose of this review to repeat Sir-
lin’s derivation from scratch, and interested readers are referred to more comprehensive
reviews [47,59]. Here we jump directly to the most important conclusion: Sirlin showed
that, among all the O(aem) RC to a generic semileptonic beta decay ¢; — ¢ (which could
be either B1 or B7), the only two diagrams that depend on non-perturbative strong inter-
actions are those in Figure 2. The first diagram represents the RC to the charged current
matrix element (e.g., Equation (4) for the case of single nucleon), where 7y denoting the
photon propagator with a Pauli-Villars regulator M,/ (M2, — g%), and the second diagram
is the yW-box diagram.

V< Z ¥
[ f W ¥
W . £ v v
a7 lawi7

Figure 2. One-loop Feynman diagrams of electroweak RC that probe non-perturbative strong interactions.
Using Ward identity, Sirlin further showed that the first diagram splits into two pieces:

M
SF! = 0Fy + 0Fy )

which we name as the “two-point function” and “three-point function” respectively.
The two-point function takes the following form for neutron:

d'q 9 M, 1 ”
5F2pt 2 27T (0\4 an ( — qz qz _ m’zy T’yW]/l ’ (10)
where?
Hv 4..,0q- x T 11
Thw = | d*xe T (p|T[Jom (x) Jiy (0)] ) (11)

is a “generalized Compton tensor” consists of the time-order product of the electromagnetic
and charged weak current. The definition of the “three-point function” is more complicated
and consists of two terms:

T"—B']+ 1
[ ]+§pligpla(5p)\

SFjpe = — lim i6py—— [D—ép-B], (12)

sp—op | 06P)

where dp = pn — pp, and

/d‘*xe“”’ “dtye' ™ (p| T{Jiy () Jem () J5™ (0) } 1)

Zez d4 M2 1 X 1 m
5 G | A BT () e O} )
i6M,, i6M,,
Ty S e Ry of w0 R
uplmprs +T mH?Mﬂ]un, (13)

with JMp,n the nucleon mass shift due to electromagnetic corrections, and T# the nucleon
vertex function. The B-terms in Equation (12) remove the poles in T” and D at 6p — dp.
An important observation is that 1) Fzy . partially cancels the part of the yW-box diagram

which stems from the symmetric T, W, leaving a residual piece that depends only on IR-
physics and can be evaluated anaYytlcally This residual piece gives rise to the outer
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correction which was known well before the birth of SM [43,62,63]. The uncancelled piece
of the box diagram, coming from the antisymmetric part of T%], contributes to the inner
correction to gy 4 as [64]:

(Sggw _gv. e? / dtq M3, 1 12+ Q? T
v W T oMy CrE MR+ Q2 (@) v
) g}w A e? d*q M%V 1 v? —2Q? Q?
Ba=ohy = o | S1— =80, (14)
$a v Mga ) (2m)* M3, + Q2 (Q?)? 3v v

where the invariant amplitudes T3, S, are defined through Tf;;,’v in the forward limit
(e, pn = pp = p):

H;\/ _ _iGP‘Vﬂt:Bq,Xpﬁ T+ ieﬂmﬁqlx
7 2p-q p-q

S.
s (o). oo

with Q> = —¢%,v = p-q/M, and S is the nucleon’s spin vector normalized as $?> = —M?.

Finally, let us address the properties of the three-point functions. The first term in
Equation (12) vanishes for dp — 0 and can safely be neglected for neutron decay. The second
term is more complicated: it vanishes if d - Jyy = 0, i.e,, if the charged weak current is
conserved. For the vector component, this is just the CVC hypothesis which is an excellent
approximation given that (0 - Jy)y ~ (myz — my) ~ Jp. One might naively think that the
same works for the axial current given the partially-conserved axial current (PCAC) relation
(0 Jw)a ~ m%; but since in reality one has ép < i, a valid approximation is instead
to drop terms that scale as dp/m;. When such approximation is made, the axial current
becomes explicitly non-conserved, and its contribution to 5F§'pt is non-zero. Therefore, 5F§lpt

may contribute to the outer correction §(?) and the inner correction to g 4, but not to gy.
To summarize, the renormalized vector and axial coupling can be expressed as:

g = g{1+ak}=g{1+af 2}
& = &{1+ar} =@ {1+ a8 200 + s} (16)
which defines the quantity A¥ that appears in Equation (8). In the above,

u_ o« M Mz QED _
AU = 2671;1 [BInM; +lnm +a4 +d10_ = 0.01709(10) (17)

is a universal piece that consists of the analytically-calculable “weak” RC, the pQCD
correction (not coming from [, ) @ ~ —0.083 [47], the resummation of leading QED
logarithms (from all diagrams including [J, ), and the most important O(a2,) corrections
(5%3]3 = 0.00109(10) [65], where we include a +1 x 104 uncertainty following Ref. [66].
With this, the renormalized axial-vector ratio A is related to the bare ratio as:

A2 — ;\3{1 +204y, — 20, + Alg{?,pt} . (18)

It is worthwhile noting that, for a long time, the three-point function 5F§4pt was mistakenly

regarded to be small, which caused the incorrect neglect of Aﬁﬁpt in the literature, including
our own works [47,64]. A recent analysis in the effective field theory (EFT) framework [45]
suggests that contributions to A£,3pt as large as 1-2% cannot be excluded. We review this
exciting new development in detail in Section 6.
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4. yW-Box Diagram in Dispersive Representation

In this section we discuss the single-nucleon yW-box diagram correction to gy and g 4.
A long-standing problem in the area of precision physics, it has recently been reevaluated
in a new framework which allowed us to reduce its uncertainty. Historically, one evaluated
the box diagram integrals DV{/(;‘ directly using Equation (14). Since the invariant amplitudes
T3, g1, are not directly measurable in the experiment, a substantial amount of theory
modeling of the hadron dynamics at the non-perturbative scale Q? ~ 1 GeV? is unavoidable.
With this, controlling the overall uncertainty at the level of 10~ is challenging.

The use of dispersion relation (DR) provides a satisfactory solution to the problem
above [60,61,64,67]. In this formalism, one re-expresses the box diagram integrals in terms
of single-nucleon structure functions:

©dQ? M3 1 1+2r (o)
DV _ aeem o W / x F(
YW gy o Q2 M+ Q2 Jo B(1+r)2 3
o4, = em [ dQ* My, /1 dxp 5+4rg§0)74M2szg£0) 19
i mga Jo Q* My, +Q2Jo (1+r)2| 3 Q?

wherer = /1 +4M2x%/Q?, with xg = Q*/(2p - ) the standard Bjorken variable. The struc-
ture functions are defined through:

Wi = D@0 6 (p+ g — px) (pl e (0) ) (XI5 (0) )
X

ie}lwxﬁqapﬂ ieﬂw‘ﬁqlx S. q
] At o (s S0 Y]+ o
T 3 vq B&1 B p~qpﬁ 82

with S denoting the nucleon spin 4-vector, and the superscript (0) indicating the contri-
bution from the isosinglet component of the electromagnetic current. Figure 3 depicts the
main contributions to the nucleon structure functions across different kinematic regions
in Q%> and W? = (p + q)?. Moving from the left to the right at a constant Q?, the first
contribution one encounters is the elastic (Born) contribution. It appears as a simple pole
(a 6-function in the structure functions) at W? = M? at all values of Q? and is separated
from inelastic contributions by a finite energy gap. Starting at W2 > W2 = (M + my)?
(represented by the solid black vertical line), multi-hadron states become energetically
allowed, with the lightest such state being a nucleon and a pion. As the energy variable
W further increases, nucleon and A resonances can be excited, in addition to the non-
resonant continuum. At even higher energies, high hadron multiplicity contributions
gradually take over, the transition at W? ~ 5 GeV? represented by a broad blue vertical
band. These multi-hadron contributions are well described in the language of the t-channel

Regge exchanges.
Q2
A
Parton + pQCD
~2GeV’
E N1 Res. Regge
2 +B.G || +VMD
> 2
M? (M+m,) ~5GeV? W

Figure 3. Main contributors to the single-nucleon structure functions at different regions in the
W2-Q? plane. Figure adopted from Ref. [61].
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Moving from the bottom to the top of Figure 3, these contributions start to evolve.
The low-energy contributions follow elastic or transition form factors F(Q?) which gener-
ically suppress the respective contributions to the structure functions as F?(Q?) ~ (1 +

%)’4 at high Q?, with A a characteristic hadronic scale of the order of 1 GeV. A milder
suppression is observed at high energies where the vector dominance model (VDM) picture
predicts the behavior of the structure functions to roughly follow F2p,,(Q?) ~ (1 + % )72
This behavior is in stark contrast with Bjorken scaling which experimental data exhibit at
high Q% where F;(x, Q%) ~ F;(x), as predicted by the parton model. Perturbative QCD
(pQCD) corrections reintroduce the Q? dependence to the structure functions, becoming
increasingly important as one moves down in Q2. The two patterns, the non-perturbative
hadronic and the perturbative QCD ones, join smoothly around Q? ~ 2 GeV?.

The boundaries between the various mechanisms and patterns, described above and
indicated in Figure 3 by the blue bands, are very approximate. How exactly the transition
between various regions, in particular from the perturbative to the nonperturbative regime
occurs, is a long-standing open problem in QCD. In the problem at hand, the lack of
detailed understanding of this transition and the model-dependent description of the
inclusive structure functions in the region in between, is the primary source of the overall
uncertainty of AY. The DR formalism is handy at approaching this problem in a direct
way. If sufficiently precise and abundant data on structure functions exist, the integral
can be evaluated model-independently, with the uncertainty driven almost entirely by
the experiment. This is the case for wa, whereas for D‘{W no direct experimental input
is available. Hence, for the latter an additional uncertainty stemming from relating the
low-Q? inelastic contribution to data or other sources of input appears.

Historically, D,‘Y/W was first to receive attention in the context of extracting V,,; from

superallowed decays. D?W was of less interest because it affects the Gamow-Teller (GT)
strength that does not offer a clean access to V,; because of effects of strong interaction.
Here, we will proceed in a reverse chronological order, by first discussing the determination
of Dﬁ?w, which is largely model-independent, and later move on to DXW which requires
more modeling.

4.1. Model-Independent Determination of Dé W

The procedure for a data-driven analysis of Déw was thoroughly explained in Ref. [64]
and here we briefly summarize the most important results. The starting point is the
following isospin relation:

0 1
a9 = 5{8h —sla}, (21)

which relates the charged weak spin structure functions to the isovector combination of the
corresponding electromagnetic structure functions. Since the latter can be obtained from
(0)

experiments, g}, can be determined model-independently. One may write:

(44
Ojw = 5 lds +d1 + o], (22)

where the terms at the RHS represent the elastic (Born) contribution, the inelastic contribu-
tion from ggo) and that from géo), respectively. The Born contribution to the spin-dependent
structure functions read:
F/ Gy +FGY, FY G, + F5GY,
0 0
ggrg - %5(1 —xp), 85,13 — _ng(l ~xp), (23)

where G = F; — tF,, Gy = Fi + F, are the Sachs form factors, with T = Q?/(4M?).
The isovector (V) and isoscalar (S) nucleon form factors are related to the proton and
neutron electromagnetic form factors as: AV = AP — A" AS = AP + A". The latter have
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been studied extensively [68-74], leading to a determination of the Born contribution with
a 0.8% precision, dg = 1.22(1).

Inelastic contribution at W2 > W2 should be evaluated separately for Q> > Q3 and
Q2 < Q3, where Q3 is a momentum scale above which perturbative description applies.
A common choice is Q3 = 2 GeV? which will later be justified by data. To proceed, one
needs to first understand what data we have; we start from the dominant contribution
which comes from ggo). The EG1b experiment by the CLAS collaboration at Jefferson Lab
provided measurements of the first few Mellin moments of the structure function g; for
proton and neutron at 0.05 GeV? < Q? < 5GeV? [75,76]:

FZN(QZ) = /0 ﬂdexiB_lgf](xB,Qz) , N=p,n, (24)

where x; = Q*/(W2 — M? + Q?). On the other hand, the box diagram contribution
depends on the following integral:

TP (@) = [ v, Q1) {] (38, Q%) - g1 (10, @)}, (25)

where f(xp, Q%) = 4(5+4r)/(9(1 +r)?). When Q%> — oo, we have f(x, Q%) — 1, but at
small and moderate Q? the target mass corrections are important. Fortunately, for each
discrete value of Q? one could perform the following fit:

flxp, Q%) ~ a(Q%) + b(Q*)xg +c(Q*)xg, 0 < xp < Xz (26)

to determine the coefficients a(Q?), b(Q?) and c(Q?) (notice that this is NOT a simple
Taylor expansion of x4 M?/Q?, as the latter emphasizes too much on xp ~ 0 and performs
poorly at xg — x,). With that, one is able to precisely reconstruct I_“f QY at Q% < Q%
using the data of the first few Mellin moments Ffj " (i =1,3,5). Meanwhile, for Q? > Q%
we have ff T Ff ~", and the latter is a sum of the leading and higher-twist contributions:

o 00 p—n

- U

o) = Bley(ot) + L B 0> 06 @)
i=

The leading-twist coefficient Cp; (Q?) satisfies the pQCD-corrected [77,78] polarized Bjorken

sum rule (BjSR) [79,80]:

(@) =1-Y a(%)", 28

B(Q) =1- ), (%) (28)
while the higher-twist coefficients ygl-_n (we only include i = 2) are generally model
dependent [81-83]. With the treatment above, one is able to construct ff ~" for all values of
Q?, see Figure 4. The good agreement between theory prediction and experimental data at
Q3 = 2 GeV? justifies our choice for the matching point. This leads to dy = 2.14(4) 4ata (1) 111,
a very robust result with a mere 2% uncertainty.
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Figure 4. l:f ~" reconstructed from data at small Q? versus theory prediction at large Q?, with (red

band) and without (brown curve) higher-twist corrections. Figure adopted from Ref. [64].

The contribution of g, is much smaller as a consequence of the Burkhardt-Cottingham
sum rule that requires the first moment of g, (the sum of the elastic and inelastic con-
tributions) to vanish identically [84]. The remnant can be estimated with the use of the
Wandzura-Wilczek relation [85] for the leading twist, and baryon chiral effective field
theory [86] for the higher twist. The result reads d, = 0.05(3). Combining all pieces we
arrive at

Oy =3.96(6) x 1072, (29)

with the uncertainty well below 10~%. We can compare this result to that of Hayen [87]
which appeared earlier. We observe that the value of the HT parameter yy = —0.047(22)
GeV? adopted from Ref. [82] and used in our work, is an order of magnitude larger than
what Hayen used. Its effect on the central value is largely compensated by the fact that
Ref. [87] neglected the d; contribution, making our central value close to Hayen’s, albeit
with some tension, Dﬁw = 4.11(9) x 1073. The larger uncertainty in the estimate of Ref. [87]
stems from using a model to describe the low-Q? region of the integrand, rather than the
direct experimental data, which we deem unnecessary.

4.2. Dispersive Determinations of DZ W

Next, we turn to the vector box diagram. We first write:

v o 3em [ dQZ M%\, (0) 5
How =, 0 02 M%V+Q2M3 (1,Q%), (30)
where A ) _
+2r
M 0.0 = 5 ) e (e @) @

is the first Nachtmann moment of Fa,(o) [88,89]; at large Q? it reduces to the simpler, first
Mellin moment, but at small Q? it incorporates the effect of the finite target mass.

The treatment of the vector yW-box diagram is more complicated as it is not so
straightforward to identify the pertinent experimental data for the parity-odd structure

function PS,(O). In principle, one could make use of the following isospin relation:

© _ Lypp
B = {F,z—Faz) (32)
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where Falt]'y 7 (N = p,n) is the spin-independent, parity-odd structure function. It originates
from the interference between the electromagnetic and neutral weak current and is accessi-
ble, at least in principle, with inclusive parity-violating electron scattering experiments on
light nuclei. Such experiments are notoriously difficult and only very limited (in precision
and kinematical coverage) data on Flp, /zn,«/z at low Q? exist [90,91], but not on F,f, ;ZZ.

In absence of direct constraints from data, the decomposition into distinct physical
mechanisms illustrated in Figure 3 comes in handy. It provides a useful guidance to
separate the low-Q? contribution into two classes:

*  “Non-asymptotic” pieces (Born, low-energy continuum, resonances) that are different
for different channels of F3 and need to be calculated case-by-case;

¢ “Asymptotic” piece at high energy which is universal for different channels of F3
(up to Clebsch—Gordon factors). This piece can be extracted from experimental data
or other measurable structure functions. Within this latter class we also distinguish
the “subasymptotic” part which, while being largely universal, contains a significant
amount of model dependence.

In the post-2018 works that study Dgw [60,61,67,87,92,93], the treatment of the non-
asymptotic pieces is similar. The Born contribution is fixed by the experimental data of
the nucleon axial and magnetic Sachs form factors [69-74,94]. The low-energy N7 and
resonance contribution can be estimated using chiral perturbation theory and existing
parameterization of resonance matrix elements [95-97]. In particular, due to the isosinglet
nature of the involved electromagnetic current, the usually dominant contribution from the
A-resonances is absent in FBEO), which makes the entire resonance contribution small.

The main difference in the existing literature resides in the treatment of the subasymp-
totic high-energy but low-Q? contribution. In the dispersive representation adopted in
Refs. [60,61,67,92], a natural language for the contributions from this kinematical range is
that of t-channel Regge exchanges supplemented by the (axial) vector dominance model

(VDM). For F3(0), this contribution is depicted by the first diagram in Figure 5. The same

qualitative picture applies to the structure functions in other reactions, e.g., F;/ PFP in
inclusive vp/7p scattering [98-101], described by the second diagram in Figure 5. Given
the near degeneracy of the p- and w-trajectories, these two diagrams only differ by the
gauge boson-meson coupling and meson-nucleon coupling constants. The former follows
a simple scaling in the VDM picture [102], while the latter follows from the straightforward
isospin scaling in the Regge-exchange picture. This leads to an approximate scaling of the
first Nachtmann moments,

0 1 +7
M{%(1,Q%) ~ SMET LY. (33)
This allows one to constrain the problematic subasymptotic piece with the use of inclusive
data from neutrino/antineutrino scattering experiments. This strategy was adopted by
Refs. [60,61]. Ref. [67] performed a more careful analysis of the correspondence between

Féo) and F; PFPP as a function of xz and Q?, and supported the Regge-VDM Ansatz of
Equation (33).

4 y w w w Y
Mq’\hal a)—J\l\l\l\' %\’\aal p_J\‘\N\, M-al a)'A’\N\'
- L - - v- - I -
" u
2 i e
n S p p ¢ e p 7"-7 [] T
1l » 1l » h
Figure 5. Leading Regge contribution to Fég\),, F;/ P*P and Fs(,og respectively.
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Another source of input that allows us to constrain the Regge contribution comes
from recent lattice QCD calculations of the pion yW-box diagram [103,104] which will be
described in Section 5. One fundamental property of Regge exchanges is the factorizability,
well-established both theoretically and experimentally. Factorizability states that, e.g., a
t-channel Regge p-exchange contribution to a generic ab — cd scattering amplitude factor-
izes as

Tap—scd = Lac(t)Po(s, t)Tpa(t), (34)

with vertex functions I';. being specific for a particular process, and the Regge propagator
Py(s, t) being universal for any process where the p quantum numbers can be exchanged.
This relates the ratio of the electroweak amplitudes entering the vW-box calculation to that
of purely hadronic amplitudes:

(0)
F3 TR _ Tmrerm _ Ter—mN (35)
F(O) TP TP :

3N.R TN—7N NN—NN

These latter ratios are known from a partial wave analysis of high-energy 77, 7N and
NN elastic scattering [105]. Note that that analysis included the test of Regge factorization,
the second equality in Equation (35).

To obtain the Regge contribution to FS(,O;, depicted by the third diagram in Figure 5,
from the full lattice result, the non-asymptotic low-energy part, specific to the pion decay,
has to be removed. This latter contribution comprises 27,47, ... intermediate states in
the s-channel, and is dominated by a single p resonance. It turns out to be numerically
small [92], thus not introducing a large systematic uncertainty. With this approach one
could infer the subasymptotic Regge part of the neutron yW-box from the lattice calculation
of its pion counterpart.

Finally, the properly asymptotic piece follows from the parton model and pQCD and
is the same in all approaches, modulo small subleading corrections. It largely coincides
with that to D?w reviewed above in great detail.

4.3. Non-Dispersive Determination of D,‘Y/ W

As a comparison, we also review an approach based on a non-dispersive formalism,
pioneered by Marciano and Sirlin in 2006 [66] and improved upon by the same authors and
Czarnecki [93]. The vector box diagram is expressed as

aem 2 2
=N QM2 L@, (36)

with the straightforward correspondence F(Q?) = (6/Q*) M, (1 Q?). At asymptotically
large Q?, F(Q?) takes the form of a Mellin moment, and behaves as [66]

o (02
F(Q%) — Fpep(Q?) = 52 (1 -4 E_CQ )> : 37)

The terms in the round bracket represent the pQCD correction identical to that in the
isovector BjSR for the spin-dependent structure function g [79,80]:

1 5 2
/0 dxg [gf(xB,Qz) — M (xp, Q%)) = |g6A| (l _ E_(Q )> , large Q*. (38)

This pQCD correction is known to order a [78]; the same treatment was also adopted in
the DR-based work.
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The revised treatment of Ref. [93] extends the discussion based on BjSR to the non-
perturbative domain for which they proposed two parameterizations of F(Q?) at small Q2.
The first one is based on the AdS light-front holographic QCD (LFHQCD) [106,107] which
offers a good qualitative description of the experimental data on BjSR at low Q2 [81]. It
entails using Equation (38) below the perturbative region, but with

“gl(Qz)

—— =exp(—Q%/Qhas) » @ < Qs (39)

where Q3 ;s = 1.10(10) GeV? is the matching scale between the perturbative and non-
perturbative regimes in this prescription, determined by the continuity of F(Q?) at
Q% = Qi 4s+ The second parameterization is a three-resonance form,

A B C
E 2 — + + , 2 < 2 , 40
res(Q ) Q2 + mg Q2 i m%q Qz + m‘g, Q QAdS ( )
similar to their previous work, Ref. [66], but here Qi gs 1s taken from the AdS prediction
above. The three coefficients A, B, C are fixed by the three conditions,

1.  The integral fg%ds dQ*MZ,F(Q?)/ (M3, + Q?) is equal for F = Fyqcp and F = Fres.
2. The 1/Q* term in Fyes(Q?) is required to vanish at large Q.
3. Fres(QzAds) = FAdS(QZAds)-

Both parameterizations returned consistent results for DZ , which are larger than the 2006
determination but smaller than the DR determination.

4.4. Recommended Values for DX ne AK, AR, Via

A detailed comparison of the outcome of different approaches is given in Table 1 sepa-
rately for the Born, tN+resonance, Regge (the LFHQCD/ three-resonances interpolator for
the non-DR approaches) and DIS. A similar table was presented in Ref. [108], but some of
its entries are different from ours, which we explain as follows:

*  Both tables define the “DIS” entry as everything above Q* = Q3 = 2 GeV?; but the
non-DR papers adopts Q3 ;5 ~ 1.10 GeV? instead as the separation scale between the
“perturbative” and “non-perturbative” region of their integral. In order to translate
the latter, Ref. [108] subtracts from the DIS results in the non-DR papers an estimated
value of the “DIS contribution from 1 to 2 GeV2” given in Ref. [67]. In this review
we do not follow such a prescription, but compute instead the Q> > 2 GeV? integral
directly using the known analytic formula from pQCD.

*  The authors of Ref. [108] followed Ref. [67] and include the effect of the running
Xem in the box diagram; to do so they need to manually increase the DIS results in
Refs. [60,61,87,92,93] by about 4%; on the contrary, in this work we define Uyw with a
constant aem and move the running effect into (SEE)D following Ref. [65]. Consequently,
our DIS result is lower than that in Ref. [67] by 4%.

e We display the uncertainty of the “Regge” part of the non-DR works, which was
omitted in Ref. [108].
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Table 1. Various contributions to D‘{W, in units of 1073, in the existing literature. The first three
columns are DR-based works, the following two are non-DR-based. Regge or Interpolator contri-
bution is understood for the DR and non-DR approaches, respectively. The last column quotes our
recommended values. The table entries differ from Table 2 in Ref. [108], see the explanations in
Section 4.4.

[60,61] [92] [67] [93] [871 Our Value
Born 1.06(6) 1.06(6) 1.05(4) 0.99(10) 1.06(6) 1.06(6)
7N + Res.  0.05(1) 0.05(1) 0.04(1) ; - 0.05(1)
Regge 0.51(8) 0.56(9) 0.52(7) 0.38(3) 0.53(7) 0.54(6)
DIS 2.17 2.16 2.20(3) 2.16 2.16 2.20(3)

The exact value of the neutron yW-box is central to extracting V,,; from various beta
decay measurements, and its uncertainty is crucial for defining the CKM unitarity deficit.
Since one observes a certain spread in the individual numbers, it is worth devising a reliable
average value and its uncertainty. For this, we will consider each row separately and discuss
the reason for the differences in both central value and the respective uncertainty.

For the Born contribution, there is a great consistency between all central values apart
from that of Ref. [93] which is on a lower side. The reason for this is well-known: the
authors of [93] only integrate the elastic contribution up to a low Q% = Q3 45 &~ 1.10 GeV?,
whereas all other references integrate to infinity. From the dispersive perspective, there is
no ambiguity: the elastic contribution is present at any value of Q? as an isolated pole at
W2 = M? separated from inelastic contributions by a finite energy gap. One must therefore
integrate over all values of Q2. We conclude that the low value for DKV’\? °™ from Ref. [93]
has to be dropped. Since all groups use the same form factor data, no averaging is needed,
and we quote the conservative

7™ = 1.06(6) x 1072, (41)

The low-energy 7tN and resonance contribution appears only in the DR-based approaches
(the non-DR works lump everything into a single “non-perturbative” contribution, which
we label as “Regge” in Table 1) that use the same ingredients. We take therefore

TR — 0.05(1) x 1072, (42)

again, without the need to average.

The third row is where the bulk of the discrepancy between the non-dispersive and
dispersive evaluations resides. First, we address the non-DR based subasymptotic contribu-
tion. As explained in the previous subsection, it is based on the BjSR which operates with
the first Mellin moment, while the DI//W integrand involves the Nachtmann moment in-

stead. The two become close only at large Q?, but at small Q? they differ by the target-mass
corrections (TMC) that are not negligible. This correction was included in the AdS param-
eterization by Hayen [87], leading to a shift upward. Note that TMC are automatically
included in the DR-based approach.

Furthermore, a rigorous quantification of the uncertainty from the matching of the non-
perturbative LFHQCD model to pQCD is challenging. As seen in Figure 4, the higher-twist
contribution and the respective uncertainty is non-negligible already at 2 GeV?2. In directly

applying the subasymptotic part derived from the BjSR to the first Mellin moment of P3(O),
Ref. [93] assumes no HT contribution, and no associated uncertainty. Ref. [87] includes the
HT correction to the asymptotic part, but largely underestimates its size and uncertainty
for BjSR, as already mentioned. Furthermore, Ref. [87] observed that the HT contribution

for Méo) has a positive sign, opposite to that in BjSR. This observation is compatible with
the lattice-driven estimate of Ref. [92], albeit seems to underestimate its size. Given that
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matching of the subasymptotic part in non-DR approaches occurs at a low Q? ~ 1 GeV?, this
results in a systematic underestimation of the subleading contribution and its uncertainty.

We conclude that both non-DR estimates of the subasymptotic piece contain un-
controlled systematic uncertainties. Most importantly, the true uncertainty of the Regge
contribution of Ref. [93] in Table 1 has to be significantly asymmetric towards larger values.
Therefore, we deem that the non-DR estimates of the Regge contribution, while generally
lending qualitative support to the dispersive evaluations, should not be taken into account
in the average. Of the remaining DR-based results, those of Refs. [60,61,67] are based on
the same low-Q? v/7 DIS data, whereas that of Ref. [92] is based on the input from lattice
QCD. Our average is thus obtained from the most precise data-driven result of Ref. [67]
and the lattice QCD-driven one of Ref. [92], and reads:

O 5 = 0.54(6) x 107, (43)

Finally, we address the DIS contribution. The starting point of all calculations is the
4-loop BjSR expression in Equation (28), which is integrated from the matching point Q3 to
oo. Among them, only Ref. [67] carefully studied the high-Q? contribution by making use
of the available parameterizations of parton distribution functions beyond their sum rules.
This approach leads to a more robust theory uncertainty, and we adopt their number:

Oy =220(3) x 1072, (44)

Adding the “universal” contribution AIL{[ in Equation (17), our final recommended values
are thus

EYW —3.85(9) x 1073, A} =0.02479(21), Ag = 0.03985(21), (45)

where Ag = A} + (tem/271)3) is a customarily-defined quantity for the “full” RC to
neutron lifetime. Finally, employing these results, we obtain the following value of V4
from neutron decay with the PDG-averaged and best-value {1,, A}, respectively:

|V,a|PPG=3Y = 0.97433(28), (82)4(10)rc , | Viua|2%t = 0.97404(20), (35), (10)rc . (46)

We note that both extractions are significantly higher than that from the superallowed
nuclear decays [4], |V,4]o+ = 0.97367(31)). These results can further be combined with Vs
from kaon decays to set constraints on the CKM unitarity violation in the top row (dropping
the small V,;, contribution), A, = |V,4|> + |VZ| — 1. The current PDG average [4] reads
|[Vius| = 0.2243(8), and we obtain

AVPDGY — _0.00037(174), AMPest = —0.00094(89), (47)

showing no statistically significant deviation from unitarity. Given the 2.5¢ deficit observed
if the nuclear beta decays are used, AlU“lear = —(0,00166(69), future improvement of the
experimental precision in neutron decay become even more important.

5. Lattice QCD

An important step forward in reducing the hadron structure uncertainties in neutron
beta decay is to rely on lattice QCD. To further improve upon existing work on the free
neutron RC, a direct lattice QCD computation is required. Unlike computations of bare
QCD coupling constants (e.g., §4), which have been going on for almost two decades [40],
the lattice study of RC in neutron decay is a relatively new subject, which we will briefly
review in this section.
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5.1. The yW-Box Diagram: Semileptonic Pion and Kaon Decays

To study the box diagram corrections Dg{/‘\;‘ from first principles requires one to com-

pute the invariant amplitudes T3 and g1 » from lattice QCD at low Q% At high Q?, large
lattice artefacts make such calculations unreliable, but one can compute these amplitudes
with pQCD and combine lattice calculation at low Q* with pQCD calculation at high Q2.

The first attempt was carried out by the RBC-UKQCD Collaboration in Ref. [103]. They
worked on a simpler case, namely the box diagram in the 7~ — 7° decay to demonstrate
the applicability of their method. At low Q2 the following Euclidean spacetime integral
was computed:

2
Mn(QZ) = _6\16 g /d4xw(Q/ x)eyvaoxucHXé(x) ’ (48)
where w(Q, x) is a known function, and
Hyeo (x) = (2O (P)| T () L4 (0)) |72~ (P)) (49)

is a four-point correlation function consists of quark contraction diagrams depicted in
Figure 6. They found that the lattice result joins smoothly to the pQCD prediction at
Q? ~ 2 GeV?, lending support to the previous choice of the separation scale Q3. With this
prescription, they obtained a prediction of DEY/W/H at percent level. Following the suggestion
in Refs. [109,110], the same group performed a second calculation that corresponds to the
box diagram correction in the K — 7+ decay in the flavor SU(3) limit [111], which helped

to fix a number of important LECs responsible for semileptonic decays of pions and kaons.

em
m

em
Ji jem  yW,A J
Jem Y v_ 7 A
u WA
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JW:A 2 T o

(a) (b) (c) (d)

Figure 6. Quark contraction diagrams that correspond to H;,/‘é(x). Figures are reproduced from
Ref. [103].

The LANL lattice group performed an independent calculation of the two quantities
above [112] and found good agreement with the RBC-UKQCD result, see Table 2. Both
groups are currently working on the (Y}, for neutron. It will be very instructive to compare
it, once available, to the hybrid lattice QCD - phenomenology result of Ref. [92].

Table 2. Comparison between the RBC-UKQCD [103,111] and LANL [112] result of the pion and
kaon box diagram calculations. The ~ 1c difference between the two calculations of D;’W x is mainly
due to the difference in the choice of the SU(3)-symmetric point.

RBC-UKQCD LANL
OYw, 2.830(28) x 102 2.810(26) x 103
Oow.k 2.437(44) x 1072 2.389(17) x 103

A similar calculation of (04, can also be performed. Given that the latter is very
precisely determined in the DR framework using experimental data of g; 5, it may serve as
an important cross-check of the lattice accuracy. It is also worth to notice that, apart from the
direction that entails computing quark contraction diagrams, alternative approaches have
been proposed to study the structure functions in the box diagrams. One such approach is
based on the Feynman-Hellmann theorem [113].
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5.2. Rc To the Nucleon Axial Coupling Constant

As shown in Ref. [45], which we will discuss in the next section, the yW-box diagram
is not the only non-trivial component in RC when it comes to the axial coupling constant
g4; a much larger effect comes from the form factor correction, i.e., the left diagram in
Figure 2. Therefore, a direct lattice calculation is desirable. The expression of §F¥ in Sirlin’s
representation is not the most convenient starting point for this purpose, because the three-
point function Jngt is, in the language of lattice QCD, a “five-point function” (two external
states and three current insertions), which is extremely difficult to handle.

A more tractable alternative is to directly compute the single-nucleon matrix element
(p|Jiy|n) in the presence of electromagnetic interactions. A way to proceed is to adopt
lattice QCD + Quantum Electrodynamics (QED) with massive photons [114], also referred
to as QEDy. Given that dF# contains infrared-divergences, one requires also an analytical
expression of the terms that depend on the fictitious photon mass m.,. Finally, while JFé;t is

complicated, the two-point function (51-"2” . takes a much simpler form and may be directly
calculable on lattice using its definition in Equation (10). A separate lattice calculation of
the full 6F¥ (using QEDy) and 5F§;t (by computing the quark contraction diagrams) would
allow for a comparison of the outcomes to their respective low-energy theory expression.

6. Effective Field Theory Description of Radiative Corrections

In parallel with the aforementioned studies based on Sirlin’s representation of RC,
there are also attempts to study neutron RC in an effective field theory (EFT) language,
which we briefly overview in this section. Some advantages of this approach are that
calculations may proceed using standard Feynman rules, theory precision is systematically
improvable following well-defined power counting rules, and sources of uncertainties
clearly identified in terms of low-energy constants (LECs) in the theory. The first attempt of
this kind was based on a pionless effective Lagrangian expanded to O(1/M) [115,116]:

L= Eev7 + ‘CNN'y + LeyNN (50)

where an explicit form of respective terms can be found in Ref. [115]. One-loop calculations
with the Lagrangian above reproduces known expressions of Fermi function (to order
O(aem)), outer corrections, and recoil corrections to the differential decay rate.

A problem of the pionless EFT is that it has no predictive power on the inner correc-
tions, which are entirely encapsuled in the (already) renormalized coupling constants and
LECs that appears in the Lagrangian. A recent re-evaluation by Cirigliano et al. [45] made
use of the heavy baryon chiral perturbation theory (HBChPT), which includes pions as
dynamical degrees of freedom. A power counting rule p/Ay ~ mz /Ay ~ eis adopted,
where Ay ~ 1 GeV is the chiral symmetry breaking scale. With this, a chiral order is
assigned to every term in the chiral Lagrangian:

Loy = LY +c% 428 4.
Lipt = Liggy+ Limy+++ (51)

With this formalism, one could predict, in addition to the outer corrections and recoil
corrections, a part of the inner corrections that are associated to pion loops.

The most important result in Ref. [45] is the renormalization of the axial coupling g4,
which they expressed as:

. X ) Mem o 4 (n) My — Mg\ o= ,(n)
A =8A 1+ ZZAA/X+ 2671:[“ Z(JAA/em+(AX ) ZOAA,ém ’ (52)
n= n= n=
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where the three terms at the RHS correspond to the QCD correction away from the
chiral limit, the electromagnetic (EM) correction, and the strong ISB correction, respec-

tively, and they concentrated on the EM correction A%)em. They found that the leading-

order (i.e., O(e?)) correction to g4 depends on unknown LECs to cancel the ultraviolet-
divergences in the loop diagrams, but the next-to-leading-order (i.e., O(e?p)) correction
is fully predictable. The latter are given by the Feynman diagrams in Figure 7. Notice
that these diagrams correspond to the left diagram in Figure 2 and are independent of the
yW-box diagram that we discussed in Section 4. The outcome reads:

3 9
AW = 4 Z|cs — 03+ —on + g2
TMy Ly |Cy C3+8M+16Mg,q , (53)
where Z is determined from the m + — m_ o mass splitting, and c3 4 are obtained from
pion-nucleon scattering. With existing fits of LECs they obtained Ag)em = 10.0-15.9, namely

the inner RC to g4 is of the order 10~2. This finding has no consequence in the extraction
of V,,; from neutron beta decay because the experimental value of A is fully renormalized,
but it has a huge impact if one is to compare the experimental g4 and the bare ¢ 4, the latter
obtained from lattice QCD calculations, in order to constrain new physics.

i \‘ \ll .
i o—

Figure 7. Next-to-leading-order HBChPT diagrams that contribute to the neutron axial form factor.
Dots, diamonds and circled dots represent vertices derived from the O(p), O(e?) and O(p?) chiral
Lagrangian, respectively. Figure courtesy of V. Cirigliano.

It could be useful to connect the EFT result to Sirlin’s representation. As we discussed

(1)

above, A, ., which originates from diagrams in Figure 7, belong to the RC to the charged
weak current matrix element, i.e., 6FF = (5F2th + (5F3P‘pt in Equation (9). In fact, it must

come from the three-point function because it only involves short-distance electromagnetic
effects (characterized by the LEC Z;) which are not present in the two-point function.
The largeness of qul,)em proves our assertion at the end of Section 3. In fact, it will be a
useful exercise to compute just 6F¥, instead of the full RC, using HBChPT, and split it
into two-point and three-point functions using their definitions in Equations (10), (12)
respectively. This will benefit the future lattice study of g4 RC, which we describe in the
previous section.

Finally, during the preparation of this manuscript, a more complete top-down EFT
analysis of the SM RC appeared [117]. Two main results of the paper are: (1) It claimed
to have corrected a mistake in the calculation of (SggD, and (2) The “conventional” Fermi
function was replaced by a “non-relativistic” version independent of the proton charge
radius, which affects the statistical rate function f:

OAY ~ +0.061% , 6f ~ —0.035% . (54)

The two changes are of different signs and partially compensate, leading to a slight positive
shift of +0.026% of the neutron decay rate, which corresponds to a negative shift in V4
from neutron decay, §V,; &~ —1.3 x 10~*. It is important to cross-check these new results
and discuss their implications for more general charged-weak decay processes.

7. Searches for Physics Beyond the Standard Model: Beta Decays vs. LHC

With the experimental and theoretical precision reaching few parts in 10%, neutron
decay is a promising avenue to look for deviations from the SM predictions due to the
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presence of new particles and/or interactions. Heavy new particles at the TeV scale
may become visible at the Large Hadron Collider (LHC), but no deviations have been
unambiguously detected in the currently accessible energy range. EFT framework offers a
unified approach for BSM searches at low energies and at colliders. At the momentum scale
i~ v = (v2Gp)™? ~ 246.22 GeV, one integrates out the BSM degrees of freedom and write
down a Standard Model Effective Field Theory (SMEFT) that consists of the most general
Lagrangian operating with SM fields SM gauge symmetries. Moving down in the energy
scale to u ~ 2 GeV, one further integrates out the heavy gauge bosons, and transitions
from SMEFT to the Low-Energy Effective Field Theory (LEFT). The leading order LEFT
Lagrangian relevant to beta decays reads [118]:

\%
Lo LM UL; Z {Ei eTwpal;d+éelvri Fid] , (55)
i

where 1, d, e are the up quark, down quark, and electron fields, vy g = (1 £ y5)v/2 are the
left-handed and right-handed electron neutrino fields. The indexi = L, R, S, T, P counts
structures that describe lefthanded, righthanded, scalar, tensor and pseudoscalar currents
on the quark side, correspondingly. The Wilson coefficients €; and €; describe the coupling
to left- and righthanded neutrinos, respectively, and vanish in absence of BSM.

The momentum exchange in beta decays is far below the QCD scale, and the quark-
level Lagrangian above is embedded in the nucleon-level Lee-Yang Lagrangian [49,119-121],

Liy = —py"n(Clevuve + Cpeyuvr) — py*rsn(Chevuve — Cuevuvr)
1
— pn(Cdevy + Cgevg) — Eﬁ(fwn((f;fé(fww + CreoyvR)
+ pysn(Cpevy — Cpeévg) + hee (56)

The quark- and nucleon level parameters are interrelated [121]:

Vid , . Vid 4 .
gray 1ot (Lrerter), Cpq=%"8va\/1+ 05" €L+ 8r),

Vua

gi€i, C; =4 2

gi€;, fori=S,T,P, (57)
where the + (—) sign should be taken for V, S, T (A, P) couplings, respectively. We have
already discussed the vector and axial nucleon charges ¢y 4 in the previous sections;
meanwhile, the FLAG21 averages [40] for the scalar and tensor charges read: gs = 1.02(10)
and gt = 0.989(34). Although the pseudoscalar charge is enhanced by the pion pole,
gp = 349(9) [41], the kinematical suppression of the pseudoscalar contributions to the 8
decay observables is still more significant. The relations of Equation (57), together with the
known [42,52] contribution of the Lee-Yang effective couplings to the total decay rate and
correlation coefficients in Equation (5), ultimately allow one to set constraints upon heavy
new physics with beta decays.

Figure 8 displays current limits on the Wilson coefficients €5 1 obtained in Ref. [122]
from beta decays and collider observables in the scenario of only two dimension-6 operators
present at the TeV scale. Sensitivity to various non-standard interactions is very different at
low and high energies because of the small electron and neutrino mass. V, A interactions
do not flip the lepton helicity and can be very efficiently probed at the LHC. Instead, S, T
involve a helicity flip, hence their contribution is suppressed as m, / E, at high energy. Beta
decays are free from this suppression, making their sensitivity to e 7 very competitive as
compared to that of the LHC observables, as can be seen in Figure 8. Numerically, beta decay
measurements translate into 1073 level constraints, €5 = 0.0001(10), er = 0.0005(13) [122].
The main source of constraints on €5 remain superallowed nuclear decays, whereas those
on er mainly come from precise measurements of neutron decay. Note that since a very
large number of SMEFT operators may contribute at the LHC energies, the respective
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limits on €g 1 depicted in Figure 8 were obtained in a simplified scenario switching all BSM
operators but 5, T off. A complete SMEFT analysis is very complicated and will likely give
much looser constraints on these two Wilson coefficients. Recent global analyses of beta
decays and LHC observables in terms of SMEFT operators can be found in [122,123] (see
also Ref. [124]). Heavy new physics explanations of the CKM unitarity deficit may require,
e.g., lepton-flavor universality violation and quark-flavor dependent right-handed currents,
and we refer the reader to Ref. [108] and references therein for a detailed discussion.

Furthermore, non-SMEFT new physics scenarios have been considered in the liter-
ature, mostly triggered by the stark beam-bottle disagreement for the neutron lifetime.
If additional, nonstandard neutron decay channels would exist, the shorter lifetime ob-
tained from counting the surviving neutrons in the bottle method could be accommodated
with a smaller number of protons resulting from the neutron decay (and hence, a longer
lifetime), as observed with the beam method [125]. We refer the reader to a dedicated
review of dark and mirror neutron decay modes included in this issue, Ref. [126].
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Figure 8. Constraints on scalar and tensor coupling constants from beta decays and LHC respectively.
Figure reproduced from Ref. [118] with permission of the authors.

8. Conclusions & Outlook

In view of the currently accessible and ever improving experimental precision in
measuring neutron lifetime and correlation coefficients, neutron decay is one of our best
avenues to test the SM and its extensions at the relative level of few parts in 10*. Future
measurements are expected to bring V,,; extracted from neutron decay to 0.01 — 0.02%. To
empower this program, SM RC to similar or better precision are necessary. In this review, we
provided an in-depth overview of recent developments in this area. In particular, the recent
factor 2 reduction of the uncertainty of the inner radiative corrections AK’A achieved in the
novel dispersive approach combined with inputs from experimental data, perturbative
QCD, chiral EFT, lattice QCD, and Regge theory ensures that the aforementioned future
experimental improvements will not be blurred by theory uncertainties. This situation is
different from that in the superallowed nuclear decays where, following the recent scrutiny
of nuclear structure effects, the uncertainty of the latter is by far the limiting factor. This
situation marks the shift of paradigm in beta decays: after decades of the domination of the
superallowed nuclear decays as the primary source of V4, for the first time, the neutron
comes center stage on par with the latter.

At the 10~ level of accuracy, beta decays of free and bound neutrons allow to set
stringent constraints on possible SM extensions. From this perspective, having both neutron
and nuclear decays at a similar level of precision fosters sensitive tests of nonstandard
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scalar and tensor currents. The two beta decay channels show different sensitivities to
scalar and tensor BSM contributions thus being complementary to each other. Importantly,
the impact of a high-precision neutron and nuclear beta decay as a sensitive avenue through
which to search for new physics will persist even into the high-luminosity LHC era.
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Appendix A. Kinematics
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Figure A1. Illustration of the D3 region (blue) and Dy4_3 region (green) in free neutron decay.

The process of primary interest is n — p + e + 7, accompanied by the experimentally
indistinguishable inclusive process n — p + e + 7, + Ny with N > 0 photons. To match
the current experimental precision only N = 0, 1 are needed. If massless particles (7, and )
are unobserved, there are only three independent Lorentz-invariant kinematic variables:

P? 2pn - Pe 2Pn'Pp
— = = Al
Mz Y A= (A1)

X =

with P = p, — pp — pe the sum of the momenta of the unobserved massless particles,
andr, = MIZ, /M2 and r, = m2/M?2. For N = 0 the three-body kinematics Dj is defined by

a(y) =b(y) <z<a(y)+bly) , 2Vre<y<l+r.—r,

_ _ 2 _ _ _
R e s
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or, equivalently,
c(z) —d(z) <y <c(z)+d(z) , 2rp<z<l+rp—re

2= (A +retry—2) ; _,/zz—4rp(1+rp—rg—z) A3
cz) = 2(1+rp—z2) , dz) = 2(1+rp—2z) ’ (A3)

Notice that x = 0 for N = 0 assuming massless neutrino. For N = 1, the four-body
kinematics Dy consists of two regions depicted in Figure A1:

0<x<a(yz), (v,z) €Ds and a_(y,z) <x <ay(y,z), (v,2) €Ds3, (A4

where as (y,z) =1 -y —z+r1p + 1. +yz/2+ (1/2)\/y? — 4re\ /2% — 4rp. There are also

two equivalent way to represent Dy_3:
"
4
2\re <y <c(z)—d(z), 2rp<z<1- \/75_0_1_7\/5- or

2%@<z<ﬂ”—mw,2¢E<y<1—¢ﬁ+T§%ﬁ. (A5)

In the existing literature, the differential decay rate is always expressed in terms of
py rather than P, despite the fact that it is the latter that is an experimental observable.
In this case, an extra step to theoretically subtract out the observed photon momentum is
necessary. The failure to do so could lead to an error in the extraction of A from certain
correlation coefficients in the differential rate, e.g., the coefficients “a” and “B” in Section 2.
This was pointed out in Refs. [127-131].

Notes

21

! Notice: (1 + %‘;‘5,&”(&)) in Ref. [45] corresponds to g2, (1 - G (1)(Ee)> in this work.

2 The normalization of T%V here is the same as Ref. [47], but is two times as large as Refs. [60,61].

References

1. Bahcall, ].N.; May, RM. The rate of the proton-proton reaction. Astrophys. J. Lett. 1968, 152, L17-L20. [CrossRef]

2. Cabibbo, N. Unitary Symmetry and Leptonic Decays. Phys. Rev. Lett. 1963, 10, 531-533. [CrossRef]

3.  Kobayashi, M.; Maskawa, T. CP Violation in the Renormalizable Theory of Weak Interaction. Prog. Theor. Phys. 1973, 49, 652—657.
[CrossRef]

4. Workman, R.L. et al. [Particle Data Group]. Review of Particle Physics. Prog. Theor. Exp. Phys. 2022, 2022, 083C01. [CrossRef]

5. Dubbers, D.; Mérkisch, B. Precise Measurements of the Decay of Free Neutrons. Ann. Rev. Nucl. Part. Sci. 2021, 71, 139-163.
[CrossRef]

6. Gonzalez, EM. et al. [UCNT Collaboration]. Improved Neutron Lifetime Measurement with UCNT. Phys. Rev. Lett. 2021,
127,162501. [CrossRef]

7. Ezhov, VE; Andreev, A.Z; Ban, G.; Bazarov, B.A.; Geltenbort, P; Glushkov, A.G.; Knyazkov, V.A.; Kovrizhnykh, N.A.; Krygin,
G.B.; Naviliat-Cuncic, O.; et al. Measurement of the neutron lifetime with ultra-cold neutrons stored in a magneto-gravitational
trap. JETP Lett. 2018, 107, 671-675. [CrossRef]

8. Pattie, R W,, Jr.; Callahan, N.B.; Cude-Woods, C.; Adamek, E.R.; Broussard, L.J.; Clayton, S.M.; Currie, S.A.; Dees, E.B.; Ding, X,;
Engel, EIM.; et al. Measurement of the neutron lifetime using a magneto-gravitational trap and in situ detection. Science 2018,
360, 627-632. [CrossRef]

9. Serebrov, A.P; Kolomensky, E.A.; Fomin, A K.; Krasnoshchekova, L. A.; Vassiljev, A.V.; Prudnikov, D.M.; Shoka, I.V.; Chechkin, A.V,;
Chaikovskiy, M.E.; Varlamov, V.E.; et al. Neutron lifetime measurements with a large gravitational trap for ultracold neutrons.
Phys. Rev. C 2018, 97, 055503. [CrossRef]

10. Arzumanov, S.; Bondarenko, L.; Chernyavsky, S.; Geltenbort, P.; Morozov, V.; Nesvizhevsky, V.V.; Panin, Y.; Strepetov, A. A
measurement of the neutron lifetime using the method of storage of ultracold neutrons and detection of inelastically up-scattered
neutrons. Phys. Lett. B 2015, 745, 79-89. [CrossRef]

11.  Steyerl, A.; Pendlebury, ] M.; Kaufman, C.; Malik, S.S.; Desai, A.M. Quasielastic scattering in the interaction of ultracold neutrons
with a liquid wall and application in a reanalysis of the Mambo I neutron-lifetime experiment. Phys. Rev. C 2012, 85, 065503.
[CrossRef]


http://doi.org/10.1086/180169
http://dx.doi.org/10.1103/PhysRevLett.10.531
http://dx.doi.org/10.1143/PTP.49.652
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1146/annurev-nucl-102419-043156
http://dx.doi.org/10.1103/PhysRevLett.127.162501
http://dx.doi.org/10.1134/S0021364018110024
http://dx.doi.org/10.1126/science.aan8895
http://dx.doi.org/10.1103/PhysRevC.97.055503
http://dx.doi.org/10.1016/j.physletb.2015.04.021
http://dx.doi.org/10.1103/PhysRevC.85.065503

Universe 2023, 9, 422 23 of 26

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

35.

36.

37.

38.

39.

Pichlmaier, A.; Varlamov, V.; Schreckenbach, K.; Geltenbort, P. Neutron lifetime measurement with the UCN trap-in-trap MAMBO
II. Phys. Lett. B 2010, 693, 221-226. [CrossRef]

Serebrov, A.; Varlamov, V.; Kharitonov, A.; Fomin, A.; Pokotilovski, Y.; Geltenbort, P.; Butterworth, J.; Krasnoschekova, I.;
Lasakov, M.; Tal'Daev, R.; et al. Measurement of the neutron lifetime using a gravitational trap and a low-temperature Fomblin
coating. Phys. Lett. B 2005, 605, 72-78. [CrossRef]

Hassan, M.T.; Byron, W.A.; Darius, G.; DeAngelis, C.; Wietfeldt, EE.; Collett, B.; Jones, G.L.; Komives, A.; Noid, G,
Stephenson, E.J.; et al. Measurement of the neutron decay electron-antineutrino angular correlation by the aCORN experiment.
Phys. Rev. C 2021, 103, 045502. [CrossRef]

Beck, M.; Guardia, F.A.; Borg, M.; Kahlenberg, J.; Horta, R.M.; Schmidt, C.; Wunderle, A.; Heil, W.; Maisonobe, R.; Simson, M.; et al.
Improved determination of the -V, angular correlation coefficient a in free neutron decay with the aSPECT spectrometer. Phys.
Rev. C 2020, 101, 055506. [CrossRef]

Markisch, B.; Mest, H.; Saul, H.; Wang, X.; Abele, H.; Dubbers, D.; Klopf, M.; Petoukhov, A.; Roick, C.; Soldner, T.; et al.
Measurement of the Weak Axial-Vector Coupling Constant in the Decay of Free Neutrons Using a Pulsed Cold Neutron Beam.
Phys. Rev. Lett. 2019, 122, 242501. [CrossRef]

Brown, M.A.P; et al. [UCNA Collaboration]. New result for the neutron p-asymmetry parameter Ay from UCNA. Phys. Rev. C
2018, 97, 035505. [CrossRef]

Mund, D.; Maerkisch, B.; Deissenroth, M.; Krempel, J.; Schumann, M.; Abele, H.; Petoukhov, A.; Soldner, T. Determination of the
Weak Axial Vector Coupling from a Measurement of the Beta-Asymmetry Parameter A in Neutron Beta Decay. Phys. Rev. Lett.
2013, 110, 172502. [CrossRef]

Schumann, M.; Kreuz, M.; Deissenroth, M.; Gluck, E; Krempel, J.; Markisch, B.; Mund, D.; Petoukhov, A.; Soldner, T.; Abele, H.
Measurement of the Proton Asymmetry Parameter C in Neutron Beta Decay. Phys. Rev. Lett. 2008, 100, 151801. [CrossRef]
Mostovoi, Y.A.; Kuznetsov, I.A.; Solovei, V.A.; Serebrov, A.P.; Stepanenko, I.V.; Baranova, TK,; Vasiliev, A.V.; Rudnev, Y.P;
Yerozolimsky, B.G.; Dewey, M.S; et al. Experimental value of G(A)/G(V) from a measurement of both P-odd correlations in
free-neutron decay. Phys. Atom. Nucl. 2001, 64, 1955-1960. [CrossRef]

Liaud, P.,; Schreckenbach, K.; Kossakowski, R.; Nastoll, H.; Bussiere, A.; Guillaud, ]J.P.; Beck, L. The measurement of the beta
asymmetry in the decay of polarized neutrons. Nucl. Phys. A 1997, 612, 53-81. [CrossRef]

Erozolimsky, B.; Kuznetsov, I.; Stepanenko, I.; Mostovoi, Y.A. Corrigendum: Corrected value of the beta-emission asymmetry in
the decay of polarized neutrons measured in 1990. Phys. Lett. B 1997, 412, 240-241. [CrossRef]

Bopp, P.; Dubbers, D.; Hornig, L.; Klemt, E.; Last, J.; Schutze, H.; Freedman, S.J.; Scharpf, O. The Beta Decay Asymmetry of the
Neutron and g4 /gv. Phys. Rev. Lett. 1986, 56, 919. Erratum in Phys. Rev. Lett. 1986, 57, 1192. [CrossRef] [PubMed]

Yue, A.T,; Dewey, M.S,; Gilliam, D.M.; Greene, G.L.; Laptev, A.B.; Nico, ].S.; Snow, W.M.; Wietfeldt, FE. Improved Determination
of the Neutron Lifetime. Phys. Rev. Lett. 2013, 111, 222501. [CrossRef] [PubMed]

Czarnecki, A.; Marciano, W.J.; Sirlin, A. Neutron Lifetime and Axial Coupling Connection. Phys. Rev. Lett. 2018, 120, 202002.
[CrossRef] [PubMed]

Holstein, B.R. Recoil Effects in Allowed beta Decay: The Elementary Particle Approach. Rev. Mod. Phys. 1974, 46, 789. Erratum in
Rev. Mod. Phys. 1976, 48, 673. [CrossRef]

Feynman, R.P; Gell-Mann, M. Theory of Fermi interaction. Phys. Rev. 1958, 109, 193-198. [CrossRef]

Behrends, R.E,; Sirlin, A. Effect of mass splittings on the conserved vector current. Phys. Rev. Lett. 1960, 4, 186—187. [CrossRef]
Ademollo, M.; Gatto, R. Nonrenormalization Theorem for the Strangeness Violating Vector Currents. Phys. Rev. Lett. 1964,
13,264-265. [CrossRef]

Donoghue, J.E; Wyler, D. Isospin Breaking and the Precise Determination of V (ud). Phys. Lett. B 1990, 241, 243-248. [CrossRef]
Guichon, P.A.M.; Thomas, A.W.; Saito, K. Fermi matrix element with isospin breaking. Phys. Lett. B 2011, 696, 536-538. [CrossRef]
Crawford, J.W.; Miller, G.A. Charge-symmetry-breaking effects on neutron  decay in nonrelativistic quark models. Phys. Rev. C
2022, 106, 065502. [CrossRef]

Seng, C.Y.; Cirigliano, V.; Feng, X.; Gorchtein, M.; Jin, L.; Miller, G.A. Quark mass difference effects in hadronic Fermi matrix
elements from first principles. arXiv 2023, arXiv:hep-ph/2306.10199.

Gupta, R.; Jang, Y.C.; Yoon, B.; Lin, H.W,; Cirigliano, V.; Bhattacharya, T. Isovector Charges of the Nucleon from 2+1+1-flavor
Lattice QCD. Phys. Rev. D 2018, 98, 034503. [CrossRef]

Chang, C.C.; Nicholson, A.N.; Rinaldi, E.; Berkowitz, E.; Garron, N.; Brantley, D.A.; Monge-Camacho, H.; Monahan, C.J;
Bouchard, C.; Clark, M.A_; et al. A per-cent-level determination of the nucleon axial coupling from quantum chromodynamics.
Nature 2018, 558, 91-94. [CrossRef]

Walker-Loud, A.; Berkowitz, E.; Gambhir, A.S.; Brantley, D.; Vranas, P.; Bouchard, C.; Clark, M.A.; Garron, N.; Chang, C.C,;
Joo, B.; et al. Lattice QCD Determination of g4. PoS 2020, CD2018, 020. [CrossRef]

Liang, J.; Yang, Y.B.; Draper, T.; Gong, M.; Liu, K.F. Quark spins and Anomalous Ward Identity. Phys. Rev. D 2018, 98, 074505.
[CrossRef]

Harris, T.; von Hippel, G.; Junnarkar, P.; Meyer, H.B.; Ottnad, K.; Wilhelm, J.; Wittig, H.; Wrang, L. Nucleon isovector charges and
twist-2 matrix elements with Ny = 2 + 1 dynamical Wilson quarks. Phys. Rev. D 2019, 100, 034513. [CrossRef]

Lin, HW.; Gupta, R.; Yoon, B.; Jang, Y.C.; Bhattacharya, T. Quark contribution to the proton spin from 2 + 1 + 1-flavor lattice
QCD. Phys. Rev. D 2018, 98, 094512. [CrossRef]


http://dx.doi.org/10.1016/j.physletb.2010.08.032
http://dx.doi.org/10.1016/j.physletb.2004.11.013
http://dx.doi.org/10.1103/PhysRevC.103.045502
http://dx.doi.org/10.1103/PhysRevC.101.055506
http://dx.doi.org/10.1103/PhysRevLett.122.242501
http://dx.doi.org/10.1103/PhysRevC.97.035505
http://dx.doi.org/10.1103/PhysRevLett.110.172502
http://dx.doi.org/10.1103/PhysRevLett.100.151801
http://dx.doi.org/10.1134/1.1423745
http://dx.doi.org/10.1016/S0375-9474(96)00325-9
http://dx.doi.org/10.1016/S0370-2693(97)01004-6
http://dx.doi.org/10.1103/PhysRevLett.56.919
http://www.ncbi.nlm.nih.gov/pubmed/10033320
http://dx.doi.org/10.1103/PhysRevLett.111.222501
http://www.ncbi.nlm.nih.gov/pubmed/24329445
http://dx.doi.org/10.1103/PhysRevLett.120.202002
http://www.ncbi.nlm.nih.gov/pubmed/29864332
http://dx.doi.org/10.1103/RevModPhys.46.789
http://dx.doi.org/10.1103/PhysRev.109.193
http://dx.doi.org/10.1103/PhysRevLett.4.186
http://dx.doi.org/10.1103/PhysRevLett.13.264
http://dx.doi.org/10.1016/0370-2693(90)91287-L
http://dx.doi.org/10.1016/j.physletb.2011.01.005
http://dx.doi.org/10.1103/PhysRevC.106.065502
http://dx.doi.org/10.1103/PhysRevD.98.034503
http://dx.doi.org/10.1038/s41586-018-0161-8
http://dx.doi.org/10.22323/1.317.0020
http://dx.doi.org/10.1103/PhysRevD.98.074505
http://dx.doi.org/10.1103/PhysRevD.100.034513
http://dx.doi.org/10.1103/PhysRevD.98.094512

Universe 2023, 9, 422 24 of 26

40.
41.

42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.
64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

Aoki, Y. et al. [Flavour Lattice Averaging Group (FLAG)]. FLAG Review 2021. Eur. Phys. |. C 2022, 82, 869. [CrossRef]
Gonzalez-Alonso, M.; Martin Camalich, J. Isospin breaking in the nucleon mass and the sensitivity of B decays to new physics.
Phys. Rev. Lett. 2014, 112, 042501. [CrossRef] [PubMed]

Jackson, J.D.; Treiman, S.B.; Wyld, H.W. Possible tests of time reversal invariance in Beta decay. Phys. Rev. 1957, 106, 517-521.
[CrossRef]

Sirlin, A. General Properties of the Electromagnetic Corrections to the Beta Decay of a Physical Nucleon. Phys. Rev. 1967,
164, 1767-1775. [CrossRef]

Garcia, A.; Maya, M. First Order Radiative Corrections to Asymmetry Coefficients in Neutron Decay. Phys. Rev. D 1978,
17,1376-1380. [CrossRef]

Cirigliano, V.; de Vries, J.; Hayen, L.; Mereghetti, E.; Walker-Loud, A. Pion-Induced Radiative Corrections to Neutron  Decay.
Phys. Rev. Lett. 2022, 129, 121801. [CrossRef]

Fermi, E. An attempt of a theory of beta radiation. 1. Z. Phys. 1934, 88, 161-177. [CrossRef]

Seng, C.Y. Radiative Corrections to Semileptonic Beta Decays: Progress and Challenges. Particles 2021, 4, 397-467. [CrossRef]
Erler, J.; Ramsey-Musolf, M.]. Low energy tests of the weak interaction. Prog. Part. Nucl. Phys. 2005, 54, 351-442. [CrossRef]
Bhattacharya, T.; Cirigliano, V.; Cohen, S.D.; Filipuzzi, A.; Gonzalez-Alonso, M.; Graesser, M.L.; Gupta, R.; Lin, H.W. Probing
Novel Scalar and Tensor Interactions from (Ultra)Cold Neutrons to the LHC. Phys. Rev. D 2012, 85, 054512. [CrossRef]
Hickerson, K.P. et al. [UCNA Collaboration]. First direct constraints on Fierz interference in free neutron g decay. Phys. Rev. C
2017, 96, 042501. Erratum in Phys. Rev. C 2017, 96, 059901. [CrossRef]

Saul, H.; Roick, C.; Abele, H.; Mest, H.; Klopf, M.; Petukhov, A.; Soldner, T.; Wang, X.; Werder, D.; Mirkisch, B. Limit on the Fierz
Interference Term b from a Measurement of the Beta Asymmetry in Neutron Decay. Phys. Rev. Lett. 2020, 125, 112501. [CrossRef]
Jackson, J.D.; Treiman, S.B.; Wyld, H.W. Coulomb corrections in allowed beta transitions. Nucl. Phys. 1957, 4, 206-212. [CrossRef]
Callan, C.G.; Treiman, S.B. Electromagnetic Simulation of T Violation in Beta Decay. Phys. Rev. 1967, 162, 1494-1496. [CrossRef]
Falkowski, A.; Rodriguez-Sanchez, A. On the sensitivity of the D parameter to new physics. Eur. Phys. ]. C 2022, 82, 1134.
[CrossRef]

Zyla, P. et al. [Particle Data Group]. Review of Particle Physics. Prog. Theor. Exp. Phys. 2020, 2020, 083C01. [CrossRef]
Wilkinson, D.H. Analysis of neutron beta decay. Nucl. Phys. A 1982, 377, 474-504. [CrossRef]

Hayen, L.; Severijns, N.; Bodek, K.; Rozpedzik, D.; Mougeot, X. High precision analytical description of the allowed B spectrum
shape. Rev. Mod. Phys. 2018, 90, 015008. [CrossRef]

Sirlin, A. Current Algebra Formulation of Radiative Corrections in Gauge Theories and the Universality of the Weak Interactions.
Rev. Mod. Phys. 1978, 50, 573. Erratum in Rev. Mod. Phys. 1978, 50, 905. [CrossRef]

Sirlin, A.; Ferroglia, A. Radiative Corrections in Precision Electroweak Physics: A Historical Perspective. Rev. Mod. Phys. 2013,
85,263-297. [CrossRef]

Seng, C.Y.; Gorchtein, M.; Ramsey-Musolf, M.]J. Dispersive evaluation of the inner radiative correction in neutron and nuclear
decay. Phys. Rev. 2019, D100, 013001. [CrossRef]

Seng, C.Y.; Gorchtein, M.; Patel, H.H.; Ramsey-Musolf, M.]. Reduced Hadronic Uncertainty in the Determination of V, ;. Phys.
Rev. Lett. 2018, 121, 241804. [CrossRef]

Kinoshita, T.; Sirlin, A. Muon Decay with Parity Nonconserving Interactions and Radiative Corrections in the Two-Component
Theory. Phys. Rev. 1957, 107, 593-599. [CrossRef]

Kinoshita, T.; Sirlin, A. Radiative corrections to Fermi interactions. Phys. Rev. 1959, 113, 1652-1660. [CrossRef]

Gorchtein, M.; Seng, C.Y. Dispersion relation analysis of the radiative corrections to g4 in the neutron p-decay. JHEP 2021,
10, 053. [CrossRef]

Czarnecki, A.; Marciano, W.J; Sirlin, A. Precision measurements and CKM unitarity. Phys. Rev. D 2004, 70, 093006. [CrossRef]
Marciano, W.J.; Sirlin, A. Improved calculation of electroweak radiative corrections and the value of V(ud). Phys. Rev. Lett. 2006,
96, 032002. [CrossRef]

Shiells, K.; Blunden, P.G.; Melnitchouk, W. Electroweak axial structure functions and improved extraction of the Vud CKM matrix
element. Phys. Rev. D 2021, 104, 033003. [CrossRef]

Drechsel, D.; Pasquini, B.; Vanderhaeghen, M. Dispersion relations in real and virtual Compton scattering. Phys. Rept. 2003,
378,99-205. [CrossRef]

Lorenz, I.T.; Hammer, HW.; Meifiner, U.G. The size of the proton - closing in on the radius puzzle. Eur. Phys. ]. A 2012, 48, 151.
[CrossRef]

Lorenz, I.T.; Meifiner, U.G.; Hammer, H-W.; Dong, Y.B. Theoretical Constraints and Systematic Effects in the Determination of the
Proton Form Factors. Phys. Rev. D 2015, 91, 014023. [CrossRef]

Ye, Z.; Arrington, J.; Hill, R.J.; Lee, G. Proton and Neutron Electromagnetic Form Factors and Uncertainties. Phys. Lett. B 2018,
777, 8-15. [CrossRef]

Lin, Y.H.; Hammer, H.W.; Meifiner, U.G. High-precision determination of the electric and magnetic radius of the proton. Phys.
Lett. B 2021, 816, 136254. [CrossRef]

Lin, YH.; Hammer, HW.; Meifiner, U.G. Dispersion-theoretical analysis of the electromagnetic form factors of the nucleon: Past,
present and future. arXiv 2021, arXiv:hep-ph/2106.06357.


http://dx.doi.org/10.1140/epjc/s10052-022-10536-1
http://dx.doi.org/10.1103/PhysRevLett.112.042501
http://www.ncbi.nlm.nih.gov/pubmed/24580443
http://dx.doi.org/10.1103/PhysRev.106.517
http://dx.doi.org/10.1103/PhysRev.164.1767
http://dx.doi.org/10.1103/PhysRevD.17.1376
http://dx.doi.org/10.1103/PhysRevLett.129.121801
http://dx.doi.org/10.1007/BF01351864
http://dx.doi.org/10.3390/particles4040034
http://dx.doi.org/10.1016/j.ppnp.2004.08.001
http://dx.doi.org/10.1103/PhysRevD.85.054512
http://dx.doi.org/10.1103/PhysRevC.96.042501
http://dx.doi.org/10.1103/PhysRevLett.125.112501
http://dx.doi.org/10.1016/0029-5582(87)90019-8
http://dx.doi.org/10.1103/PhysRev.162.1494
http://dx.doi.org/10.1140/epjc/s10052-022-11085-3
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1016/0375-9474(82)90051-3
http://dx.doi.org/10.1103/RevModPhys.90.015008
http://dx.doi.org/10.1103/RevModPhys.50.573
http://dx.doi.org/10.1103/RevModPhys.85.263
http://dx.doi.org/10.1103/PhysRevD.100.013001
http://dx.doi.org/10.1103/PhysRevLett.121.241804
http://dx.doi.org/10.1103/PhysRev.107.593
http://dx.doi.org/10.1103/PhysRev.113.1652
http://dx.doi.org/10.1007/JHEP10(2021)053
http://dx.doi.org/10.1103/PhysRevD.70.093006
http://dx.doi.org/10.1103/PhysRevLett.96.032002
http://dx.doi.org/10.1103/PhysRevD.104.033003
http://dx.doi.org/10.1016/S0370-1573(02)00636-1
http://dx.doi.org/10.1140/epja/i2012-12151-1
http://dx.doi.org/10.1103/PhysRevD.91.014023
http://dx.doi.org/10.1016/j.physletb.2017.11.023
http://dx.doi.org/10.1016/j.physletb.2021.136254

Universe 2023, 9, 422 25 of 26

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

Lin, YH.; Hammer, HW.; Meifiner, U.G. New Insights into the Nucleon’s Electromagnetic Structure. Phys. Rev. Lett. 2022,
128, 052002. [CrossRef]

Guler, N. et al. [CLAS Collaboration]. Precise determination of the deuteron spin structure at low to moderate Q? with CLAS and
extraction of the neutron contribution. Phys. Rev. C 2015, 92, 055201. [CrossRef]

Fersch, R. et al. [CLAS Collaboration]. Determination of the Proton Spin Structure Functions for 0.05 < Q? < 5GeV? using CLAS.
Phys. Rev. C 2017, 96, 065208. [CrossRef]

Baikov, P.A.; Chetyrkin, K.G.; Kuhn, ]. H. Adler Function, DIS sum rules and Crewther Relations. Nucl. Phys. B Proc. Suppl. 2010,
205-206, 237-241. [CrossRef]

Baikov, P.; Chetyrkin, K.; Kuhn, J. Adler Function, Bjorken Sum Rule, and the Crewther Relation to Order vc‘sl in a General Gauge
Theory. Phys. Rev. Lett. 2010, 104, 132004. [CrossRef]

Bjorken, ].D. Applications of the Chiral U(6) x (6) Algebra of Current Densities. Phys. Rev. 1966, 148, 1467-1478. [CrossRef]
Bjorken, ].D. Inelastic Scattering of Polarized Leptons from Polarized Nucleons. Phys. Rev. D 1970, 1, 1376-1379. [CrossRef]
Deur, A.; Prok, Y.; Burkert, V.; Crabb, D.; Girod, EX.; Griffioen, K.A.; Guler, N.; Kuhn, S.E.; Kvaltine, N. High precision
determination of the Q2 evolution of the Bjorken Sum. Phys. Rev. D 2014, 90, 012009. [CrossRef]

Kotlorz, D.; Mikhailov, S.V.; Teryaev, O.V.; Kotlorz, A. Cut moments approach in the analysis of DIS data. Phys. Rev. D 2017,
96, 016015. [CrossRef]

Ayala, C,; Cveti¢, G.; Kotikov, A.V.; Shaikhatdenov, B.G. Bjorken polarized sum rule and infrared-safe QCD couplings. Eur. Phys.
J. C 2018, 78, 1002, [CrossRef].

Burkhardt, H.; Cottingham, W.N. Sum rules for forward virtual Compton scattering. Ann. Phys. 1970, 56, 453-463. [CrossRef]
Wandzura, S.; Wilczek, F. Sum Rules for Spin Dependent Electroproduction: Test of Relativistic Constituent Quarks. Phys. Lett. B
1977, 72, 195-198. [CrossRef]

Alarcén, J.M.; Hagelstein, F.; Lensky, V.; Pascalutsa, V. Forward doubly-virtual Compton scattering off the nucleon in chiral
perturbation theory: II. Spin polarizabilities and moments of polarized structure functions. Phys. Rev. D 2020, 102, 114026.
[CrossRef]

Hayen, L. Standard model O(«) renormalization of ¢ 4 and its impact on new physics searches. Phys. Rev. D 2021, 103, 113001.
[CrossRef]

Nachtmann, O. Positivity constraints for anomalous dimensions. Nucl. Phys. B 1973, 63, 237-247. [CrossRef]

Nachtmann, O. Is There Evidence for Large Anomalous Dimensions? Nucl. Phys. B 1974, 78, 455-467. [CrossRef]

Androi¢, D. et al. [Qweak Collaboration]. Parity-violating inelastic electron-proton scattering at low Q? above the resonance
region. Phys. Rev. C 2020, 101, 055503. [CrossRef]

Wang, D. et al. [The PVDIS Collaboration]. Measurement of Parity-Violating Asymmetry in Electron-Deuteron Inelastic Scattering.
Phys. Rev. C 2015, 91, 045506. [CrossRef]

Seng, C.Y.; Feng, X.; Gorchtein, M.; Jin, L.C. Joint lattice QCD-dispersion theory analysis confirms the quark-mixing top-row
unitarity deficit. Phys. Rev. D 2020, 101, 111301. [CrossRef]

Czarnecki, A.; Marciano, W.].; Sirlin, A. Radiative Corrections to Neutron and Nuclear Beta Decays Revisited. Phys. Rev. D 2019,
100, 073008. [CrossRef]

Bhattacharya, B.; Hill, R.J.; Paz, G. Model independent determination of the axial mass parameter in quasielastic neutrino-nucleon
scattering. Phys. Rev. D 2011, 84, 073006. [CrossRef]

Lalakulich, O.; Paschos, E.A ; Piranishvili, G. Resonance production by neutrinos: The Second resonance region. Phys. Rev. D
2006, 74, 014009. [CrossRef]

Drechsel, D.; Kamalov, S.S.; Tiator, L. Unitary Isobar Model - MAID2007. Eur. Phys. . A 2007, 34, 69-97. [CrossRef]

Tiator, L.; Vanderhaeghen, M. Empirical transverse charge densities in the nucleon-to-P(11)(1440) transition. Phys. Lett. B 2009,
672,344-348. [CrossRef]

Bolognese, T.; Fritze, P.; Morfin, J.; Perkins, D.H.; Powell, K.; Scott, W.G. Data on the Gross-llewellyn Smith Sum Rule as a
Function of g2. Phys. Rev. Lett. 1983, 50, 224. [CrossRef]

Kataev, A.L.; Sidorov, A.V. The Jacobi polynomials QCD analysis of the CCFR data for xF3 and the Q**2 dependence of the
Gross-Llewellyn-Smith sum rule. Phys. Lett. 1994, B331, 179-186. [CrossRef]

Kim, J.H.; Harris, D.A.; Arroyo, C.G.; De Barbaro, L.; De Barbaro, P.; Bazarko, A.O. A Measurement of alpha(s) (Q?) from the
Gross-Llewellyn Smith sum rule. Phys. Rev. Lett. 1998, 81, 3595-3598. [CrossRef]

Allasia, D.; Angelini, C.; Baldini, A.; Bertanza, L.; Bigi, A.; Bisi, V.; Bobisut, F.; Bolognese, T.; Borg, A.; Calimani, E.; et al. Q?
Dependence of the Proton and Neutron Structure Functions from Neutrino and anti-neutrinos Scattering in Deuterium. Z. Phys.
1985, C28, 321. [CrossRef]

Lichard, P. Some implications of meson dominance in weak interactions. Phys. Rev. D 1997, 55, 5385-5407. [CrossRef]

Feng, X.; Gorchtein, M.; Jin, L.C.; Ma, P.X; Seng, C.Y. First-principles calculation of electroweak box diagrams from lattice QCD.
Phys. Rev. Lett. 2020, 124, 192002. [CrossRef] [PubMed]

Yoo, J.S.; Bhattacharya, T.; Gupta, R.; Mondal, S.; Yoon, B. Electroweak box diagrams on the lattice for pion and neutron decay.
arXiv 2022, arXiv:hep-lat/2212.12830.

Caprini, I; Colangelo, G.; Leutwyler, H. Regge analysis of the pi pi scattering amplitude. Eur. Phys. J. C 2012, 72, 1860. [CrossRef]


http://dx.doi.org/10.1103/PhysRevLett.128.052002
http://dx.doi.org/10.1103/PhysRevC.92.055201
http://dx.doi.org/10.1103/PhysRevC.96.065208
http://dx.doi.org/10.1016/j.nuclphysbps.2010.08.049
http://dx.doi.org/10.1103/PhysRevLett.104.132004
http://dx.doi.org/10.1103/PhysRev.148.1467
http://dx.doi.org/10.1103/PhysRevD.1.1376
http://dx.doi.org/10.1103/PhysRevD.90.012009
http://dx.doi.org/10.1103/PhysRevD.96.016015
https://doi.org/10.1140/epjc/s10052-018-6490-9
http://dx.doi.org/10.1016/0003-4916(70)90025-4
http://dx.doi.org/10.1016/0370-2693(77)90700-6
http://dx.doi.org/10.1103/PhysRevD.102.114026
http://dx.doi.org/10.1103/PhysRevD.103.113001
http://dx.doi.org/10.1016/0550-3213(73)90144-2
http://dx.doi.org/10.1016/0550-3213(74)90591-4
http://dx.doi.org/10.1103/PhysRevC.101.055503
http://dx.doi.org/10.1103/PhysRevC.91.045506
http://dx.doi.org/10.1103/PhysRevD.101.111301
http://dx.doi.org/10.1103/PhysRevD.100.073008
http://dx.doi.org/10.1103/PhysRevD.84.073006
http://dx.doi.org/10.1103/PhysRevD.74.014009
http://dx.doi.org/10.1140/epja/i2007-10490-6
http://dx.doi.org/10.1016/j.physletb.2009.01.048
http://dx.doi.org/10.1103/PhysRevLett.50.224
http://dx.doi.org/10.1016/0370-2693(94)90961-X
http://dx.doi.org/10.1103/PhysRevLett.81.3595
http://dx.doi.org/10.1007/BF01413595
http://dx.doi.org/10.1103/PhysRevD.55.5385
http://dx.doi.org/10.1103/PhysRevLett.124.192002
http://www.ncbi.nlm.nih.gov/pubmed/32469584
http://dx.doi.org/10.1140/epjc/s10052-012-1860-1

Universe 2023, 9, 422 26 of 26

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

Brodsky, S.J.; de Téramond, G.F. Light-front hadron dynamics and AdS/CFT correspondence. Phys. Lett. B 2004, 582, 211-221.
[CrossRef]

Brodsky, S.J.; de Teramond, G.E,; Dosch, H.G.; Erlich, J. Light-Front Holographic QCD and Emerging Confinement. Phys. Rept.
2015, 584, 1-105. [CrossRef]

Cirigliano, V.; Crivellin, A.; Hoferichter, M.; Moulson, M. Scrutinizing CKM unitarity with a new measurement of the Ku3/Ku2
branching fraction. Phys. Lett. B 2023, 838, 137748. [CrossRef]

Seng, C.Y.; Galviz, D.; Meifiner, U.G. A New Theory Framework for the Electroweak Radiative Corrections in K;3 Decays. JHEP
2020, 02, 069. [CrossRef]

Seng, C.Y.; Feng, X.; Gorchtein, M.; Jin, L.C.; Meifiner, U.G. New method for calculating electromagnetic effects in semileptonic
beta-decays of mesons. JHEP 2020, 10, 179. [CrossRef]

Ma, P.X.; Feng, X.; Gorchtein, M.; Jin, L.C.; Seng, C.Y. Lattice QCD calculation of the electroweak box diagrams for the kaon
semileptonic decays. Phys. Rev. D 2021, 103, 114503. [CrossRef]

Yoo, ].S.; Bhattacharya, T.; Gupta, R.; Mondal, S.; Yoon, B. Electroweak box diagram contribution for pion and kaon decay from
lattice QCD. arXiv 2023, arXiv:hep-lat/2305.03198. [arXiv:hep-lat/2305.03198].

Seng, C.Y.; Meifiner, U.G. Toward a First-Principles Calculation of Electroweak Box Diagrams. Phys. Rev. Lett. 2019, 122, 211802.
[CrossRef] [PubMed]

Endres, M.G.; Shindler, A.; Tiburzi, B.C.; Walker-Loud, A. Massive photons: An infrared regularization scheme for lattice
QCD+QED. Phys. Rev. Lett. 2016, 117, 072002. [CrossRef] [PubMed]

Ando, S.; Fearing, HW.; Gudkov, V.P; Kubodera, K.; Myhrer, F.; Nakamura, S.; Sato, T. Neutron beta decay in effective field
theory. Phys. Lett. B 2004, 595, 250-259. [CrossRef]

Bernard, V.; Gardner, S.; Meifiner, U.G.; Zhang, C. Radiative neutron S-decay in effective field theory. Phys. Lett. B 2004,
593, 105-114. Erratum in Phys. Lett. B 2004, 599, 348. [CrossRef]

Cirigliano, V.; Dekens, W.; Mereghetti, E.; Tomalak, O. Effective field theory for radiative corrections to charged-current processes
I: Vector coupling. arXiv 2023, arXiv:hep-ph/2306.03138.

Falkowski, A.; Gonzalez-Alonso, M.; Naviliat-Cuncic, O. Comprehensive analysis of beta decays within and beyond the Standard
Model. ]. High Energy Phys. 2021, 04, 126. [CrossRef]

Lee, T.D.; Yang, C.N. Question of Parity Conservation in Weak Interactions. Phys. Rev. 1956, 104, 254-258. [CrossRef]
Cirigliano, V.; Gonzalez-Alonso, M.; Graesser, M.L. Non-standard Charged Current Interactions: Beta decays versus the LHC.
J. High Energy Phys. 2013, 02, 046. [CrossRef]

Gonzalez-Alonso, M.; Naviliat-Cuncic, O.; Severijns, N. New physics searches in nuclear and neutron g decay. Prog. Part. Nucl.
Phys. 2019, 104, 165-223. [CrossRef]

Falkowski, A.; Gonzélez-Alonso, M.; Palavri¢, A.; Rodriguez-Sanchez, A. Constraints on subleading interactions in beta decay
Lagrangian. arXiv 2021, arXiv:hep-ph/2112.07688.

Falkowski, A.; Gonzalez-Alonso, M.; Naviliat-Cuncic, O.; Severijns, N. Superallowed decays within and beyond the standard
model. Eur. Phys. J. A 2023, 59, 113. [CrossRef]

Crivellin, A.; Hoferichter, M.; Kirk, M.; Manzari, C.A.; Schnell, L. First-generation new physics in simplified models: From
low-energy parity violation to the LHC. J. High Energy Phys. 2021, 10, 221. [CrossRef]

Fornal, B.; Grinstein, B. Dark Matter Interpretation of the Neutron Decay Anomaly. Phys. Rev. Lett. 2018, 120, 191801. Erratum in
Phys. Rev. Lett. 2020, 124, 219901. [CrossRef]

Tan, W. Neutron Lifetime Anomaly and Mirror Matter Theory. Universe 2023, 9, 180. [CrossRef]

Gluck, F.; Toth, K. Order a Radiative Corrections for Semileptonic Decays of Unpolarized Baryons. Phys. Rev. D 1990, 41, 2160.
Erratum in Phys. Rev. D 1996, 54, 1241. [CrossRef] [PubMed]

Gluck, E; Toth, K. Order alpha radiative corrections for semileptonic decays of polarized baryons. Phys. Rev. D 1992, 46, 2090-2101.
[CrossRef]

Gluck, F. Order-alpha radiative correction calculations for unoriented allowed nuclear, neutron and pion beta decays. Comput.
Phys. Commun. 1997, 101, 223-231. [CrossRef]

Hayen, L.; Young, A.R. Consistent description of angular correlations in 8 decay for Beyond Standard Model physics searches.
arXiv 2020, arXiv:nucl-th/2009.11364.

Gliick, F. Radiative corrections to neutron and nuclear f-decays: A serious kinematics problem in the literature. arXiv 2022,
arXiv:hep-ph/2205.05042.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1016/j.physletb.2003.12.050
http://dx.doi.org/10.1016/j.physrep.2015.05.001
http://dx.doi.org/10.1016/j.physletb.2023.137748
http://dx.doi.org/10.1007/JHEP02(2020)069
http://dx.doi.org/10.1007/JHEP10(2020)179
http://dx.doi.org/10.1103/PhysRevD.103.114503
http://xxx.lanl.gov/abs/2305.03198
http://dx.doi.org/10.1103/PhysRevLett.122.211802
http://www.ncbi.nlm.nih.gov/pubmed/31283352
http://dx.doi.org/10.1103/PhysRevLett.117.072002
http://www.ncbi.nlm.nih.gov/pubmed/27563954
http://dx.doi.org/10.1016/j.physletb.2004.06.037
http://dx.doi.org/10.1016/j.physletb.2004.04.064
http://dx.doi.org/10.1007/JHEP04(2021)126
http://dx.doi.org/10.1103/PhysRev.104.254
http://dx.doi.org/10.1007/JHEP02(2013)046
http://dx.doi.org/10.1016/j.ppnp.2018.08.002
http://dx.doi.org/10.1140/epja/s10050-023-01030-7
http://dx.doi.org/10.1007/JHEP10(2021)221
http://dx.doi.org/10.1103/PhysRevLett.120.191801
http://dx.doi.org/10.3390/universe9040180
http://dx.doi.org/10.1103/PhysRevD.41.2160
http://www.ncbi.nlm.nih.gov/pubmed/10012593
http://dx.doi.org/10.1103/PhysRevD.46.2090
http://dx.doi.org/10.1016/S0010-4655(96)00168-3

	Introduction
	Differential Decay Rate
	Inner Radiative Corrections 
	 W-Box Diagram in Dispersive Representation 
	Model-Independent Determination of  WA
	Dispersive Determinations of  WV
	Non-Dispersive Determination of  WV
	Recommended Values for  WV, RV, R, Vud

	Lattice QCD
	The  W-Box Diagram: Semileptonic Pion and Kaon Decays
	Rc To the Nucleon Axial Coupling Constant

	Effective Field Theory Description of Radiative Corrections 
	Searches for Physics Beyond the Standard Model: Beta Decays vs. LHC
	Conclusions & Outlook
	Kinematics
	References

