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Pion-induced radiative corrections to neutron beta-decay
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We compute the electromagnetic corrections to neutron beta decay using a low-energy hadronic
effective field theory. We identify and compute new radiative corrections arising from virtual pions
that were missed in previous studies. The largest correction is a percent-level shift in the axial
charge of the nucleon proportional to the electromagnetic part of the pion-mass splitting. Smaller
corrections, comparable to anticipated experimental precision, impact the S-v angular correlations
and the f-asymmetry. We comment on implications of our results for the comparison of the ex-
perimentally measured axial charge with first-principle computations using lattice QCD and on the
potential of S-decay experiments to constrain beyond-the-Standard-Model interactions.

PACS numbers:
Keywords:

Introduction — High-precision measurements of low-
energy processes, such as  decays of mesons, neutron,
and nuclei, probe the existence of new physics at very
high energy scales through quantum fluctuations. Re-
cent developments in the study of 3 decay rates at the
sub-% level [1-5] have led to a 3-50 tension with the
Standard Model (SM) interpretation in terms of the uni-
tary Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix [5, 6]. Further, global analyses of 5 decay ob-
servables [7, 8] have highlighted additional avenues for
B decays to probe physics beyond the Standard Model
(BSM) at the multi-TeV scale, such as the comparison
of the experimentally extracted weak axial charge, ga,
with precise lattice Quantum ChromoDynamics (QCD)
calculations [9-11]. This test is a unique and sensitive
probe of BSM right-handed charged currents.

Given the expected improvements in experimental pre-
cision in the next few years [12-14], a necessary condition
to use neutron decay as probe of BSM physics is to have
high-precision calculations within the SM, including sub-
% level recoil and radiative corrections with controlled
uncertainties. These prospects have spurred new theo-
retical activity, which has focused first on radiative cor-
rections to the strength of the Fermi transition (vector
coupling) [1-4], and more recently on the corrections to
the Gamow-Teller (axial) coupling [15, 16]. These recent
studies are all rooted in the current algebra approach de-
veloped in the sixties and seventies [17, 18], combined
with the novel use of dispersive techniques.

In principle, lattice QCD can be used to compute the
full Standard Model n — per decay amplitude includ-
ing radiative QED corrections, similar to the determina-
tion of the leptonic pion decay rate [19, 20]. However, it

will be some years before these calculations reach suffi-
cient precision. Currently, lattice QCD calculations are
carried out in the isospin limit. The global average de-
termination of g4 carries a 2.2% uncertainty [21] with
one result achieving a 0.74% uncertainty [11, 22]. The
PDG average value, on the other hand, has an 0.1% un-
certainty [6] with the most precise experiment having an
0.035% uncertainty [23].

In this work, we perform a systematic study of neu-
tron decay using effective field theory (EFT). We com-
pute new structure-dependent electromagnetic correc-
tions originating at the pion mass scale, including ef-
fects of O(a) and O(am,/my), with a = e%/4n the
fine-structure constant and m,(my) the pion (nucleon)
mass. By doing so we uncover new percent-level elec-
tromagnetic corrections to the axial coupling g4, which
were missed both in the only other neutron S decay EFT
analysis [24] and recent dispersive treatments [15, 16].

Neutron decay from the Standard Model — The energy
release in neutron decay is roughly the mass splitting of
the neutron and proton, i.e. gext ~ My —my ~ 1 MeV,
which is significantly smaller than the nucleon mass. The
energy scale of nucleon structure corrections, on the other
hand, is related to the pion mass, so that my > m, >
my — my. Large scale separations, such as these, make
for ideal systems for an EFT description.

As a consequence, corrections to neutron 8 decay can
be parametrized in terms of two small parameters: (7)
€rocoil = Gext/MnN ~ 0.1% which characterizes small ki-
netic corrections; (i) € = Gext/Mx ~ 1%, which char-
acterizes nucleon structure corrections dominated by ra-
diative pion contributions. At these relatively low en-
ergies, the decay amplitude can be described by a non-



relativistic Lagrangian density (see also Refs. [24, 25])
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where pions have been integrated out (hence subscript
#), and the ellipsis denote terms not affected by our
analysis. In this expression, N7 = (p,n) is an isodou-
blet of nucleons, while v,, and S,, represent the velocity
and spin of the nucleon, respectively. The effective vec-
tor and axial-vector couplings gy, 4 are related, as dis-
cussed below, to the isovector nucleon vector and axial
charges, while piweax and cp are the weak magnetic mo-
ment and an effective tensor coupling, respectively. The
Lagrangian (1) can be used to compute the differential
neutron decay rate and the parameters can then be fitted
to data.

There are a number of short-comings to this approach.
First, by utilizing measured values of V,qgv, ga/gv,
Hweaks and cp, we cannot extract fundamental SM pa-
rameters nor distinguish SM from BSM contributions to
these low-energy constants (LECs). Second, it is not pos-
sible to disentangle, for example, how much of g4 arises
from isospin symmetric QCD versus electromagnetic con-
tributions. Therefore, it is desirable to utilize an EFT
Lagrangian which encodes the corrections as functions
of the SM parameters, such as the quark masses and
the electromagnetic couplings. This is known as chiral
perturbation theory (xPT) [26, 27], or specifically for
baryons, heavy baryon xyPT (HBxPT) [28]. The cost of
such a description is the introduction of new scales, m,
and A, = 47F; ~ 1 GeV with F; ~ 92.4 MeV, which
form another expansion parameter, ¢, = m./A,, and
new operators with potentially undetermined LECs.

Radiative corrections to neutron decay can be orga-
nized in a double expansion in aeyey’. First, we inte-
grate out the pions and match the xyPT amplitude to the
#EFT amplitude, thus determining the quark mass and
electromagnetic corrections to effective couplings such as
ga. Then, the neutron decay amplitude can be com-
puted with #EFT (with dynamical photons and leptons)
while retaining explicit sensitivity to the parameters of
the Standard Model. In our analysis of the decay am-
plitude we retain terms of O(Gpeérecoil), known in the
literature, O(Gra), where we uncover previously over-
looked effects, and terms of O(Graey) and O(Graegy),
never before considered in the literature.

xPT setup for neutron decay — To study radiative
corrections to weak semi-leptonic transitions, we adopt

the HBYPT framework [28] with dynamical photons [29-
31] and leptons, in analogy with the meson sector [32].
This EFT provides a necessary intermediate step in the
analysis of neutron decay, before integrating out pions,
and is the starting point for the study of related processes
such as muon capture, low-energy neutrino-nucleus scat-
tering, and nuclear 8 decays, which of course require a
non-trivial generalization to multi-nucleon effects.

In xPT with dynamical photons and leptons, semilep-
tonic amplitudes are expanded in the Fermi constant G
(to first order), the electromagnetic fine structure con-
stant «, and e,, while keeping all orders in gexs/mx, ac-
cording to Weinberg’s power counting [33-35]. Follow-
ing standard practice, derivatives (0 ~ p) and the elec-
troweak couplings e, G are assigned chiral dimension
one, while the light quark mass is assigned chiral dimen-
sion two (m2 ~ p?). The relevant effective Lagrangians,
ordered according to their chiral dimension, are

£7r = Lg) (23)
Loy = LU )V L2 4+ (2b)
Lieps = L] r)> = (i +ed - me) e+ vigv . (20)

At a given chiral dimension, one can further separate the

strong and electromagnetic Lagrangians
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whose explicit forms are given in the Appendix, where for
the first time we present the effective Lagrangian Lff]gé
that reabsorbs the divergences from one loop diagrams
involving nucleons, photons, and charged leptons.

The leading amplitude A%F P” arises from one insertion
of the lowest order Lagrangian L£? . expanded to first
order in the external weak currents

Lry o —V2GFVyy N (v“ ZgA)SH) TN ey, Prve ,(4)

where g A) denotes the nucleon axial charge in the chiral
limit and in absence of electromagnetic effects.

To capture electromagnetic corrections to O(Gra),
O(Graey), and O(GFraey), we need to compute the neu-
tron decay amplitude to chiral dimension three (A¢°G#P")
and four (ACZGF P). The former arises from one-loop di-
agrams involving virtual nucleons, pions, photons, and
charged leptons, with vertices from L? \ and ,Cfrzpo (see
Fig. 1, upper panel). Here, an important role is played
by insertions of

Efrzpo =2e*F2Z, 't 4+ O(n?), (5)



with the LEC Z, fixed by the relation mfri - m?ro =
2¢2F2Z,, up to higher-order corrections. Additional con-
tributions arise from tree-level graphs with one insertion
of ,Cf:f,) or Eff]@e. The A€’ Grp amplitude, on the other
hand, is a combination of one-loop diagrams with one
vertex from L’fj\, or ﬁff}go and any number of vertices

from £571]2, and £ (see Fig. 1, lower panel).

Matching at O(a) and O(ae,) — The diagrams con-
tributing to the matching between xPT and #EFT at
O(€Y) and O(ey ) are shown in Fig. 1. The result of this
matching for the leading vector and axial operators is
given by

_ (0
gv/A = 9Gyja

o A (n) Qo A ()
L4+ AV 5 2 AV nem
n=0

n=2

My, — My nvia 22 (n)
+<A > > AV asm
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where g‘(,o) =1, A"

NP O(ez), and ny =1, ny =
2 [36, 37]. Explicit calculation gives Aff?gfi) =0 and we

do not consider the tiny effect of Agg zsm # 0. Concerning

the chiral corrections in the isospin limit, Agg)( vanish

due to conservation of the vector current, while A(;)

have been calculated up to n = 4 in Refs. [38-40], and
can for our purposes be absorbed into a definition of g4
in the isospin limit, which we denote by gECD.

To O(ae?) we consider the diagrams in Fig. 1, up-
per panel. Diagram (al) appears in the same form in
both EFTs, and thus does not contribute to the match-
ing. An explicit calculation shows that the 0(672) term of
diagrams (b1) and (d1) and (cl) and (el) cancels, leav-
ing O(ez) corrections discussed below. Diagrams (g1)
and (j1) vanish exactly at O(e}), while (f1), (h1), (i)
contribute to the vector operator only to be cancelled by
corrections to the nucleon wavefunction renormalization
(WFR) at ¢ = 0. As a consequence, gy does not re-
ceive loop corrections in the matching between xyPT and
#EFT, instead picking up contributions only from local
operators of O(e?p) so that Ag),lm = Cy. By contrast,
the axial operator is modified through diagram (i1), the
WFR, and local operators of O(e?p), leading to

(0)2 2
143
+ 29A <10g u2 B 1> (0)2

0
AE‘X,)em —9a

=7,

™

(7)
We provide in the Appendix the explicit dependence of
Cv.a on the LECs of O(e?p). Here we note that as
written, Cy, 4 contain information about short-distance
physics and in particular large logarithms connecting the
weak scale to the hadronic scale [41] and finite terms that
have been calculated via dispersive methods [1-4].

+CA(M) .

A similar analysis applies to the NLO amplitude, for
which we report a few representative diagrams in the
lower panel of Fig. 1. At ¢ = 0, all diagrams contribut-
ing to the vector operator are cancelled by the WFR,

resulting in AL

Viem = 0. We are left with a correction to
ga

3 9 2
AY = Z dmmg |eq— ez —— D2, (8
A,em Ty [C4 — C3 T 8N + 16mNgA , (8)

dominated by the LECs c34 from EZZN that contribute
via topology (a2).

Matching at O(aey) — Through our final matching
step, we identify additional isospin breaking terms to
the LECs of the pion-less Lagrangian. Specifically, the
pion loops with the vector current coupling to two pi-
ons (topology (f1)) induce an isospin-breaking correction
to the weak magnetism term. In terms of the physical
nucleon magnetic moments, i,,/, (themselves containing
electromagnetic shifts), we find

aZy gAmyT
Hweak — (,Ufp - Nn) = - 271_1- 7’[7177 . (9)
which is not captured in experimental analyses thus far.
Finally, the pion-vy box (b1) induces the tensor coupling

a gaAmnNT
cr = ———.

= 10
2 3my (10)

We discuss the numerical implications of these results
below.

Connection to previous literature —  Recent ap-
proaches using current algebra and dispersion techniques
[15, 16] evaluated axial contributions as originating from
vertex corrections, in which the virtual photon is emit-
ted and absorbed by the hadronic line, and YW box,
in which the virtual photon is exchanged between the
hadronic and electron lines. The latter was found to be
largely consistent with the vector contribution using ex-
perimental data of the polarized Bjorken sum rule [15]
and additional nucleon scattering data [16], as such in-
cluding inelastic contributions without explicit calcula-
tion. The vertex corrections, on the other hand, have
only been calculated in limiting scenarios. Following the
notation of Ref. [15], the a priori non-zero contribution
depends on a three-point function

D, —/ff/d‘lyeiq-”/d‘lxeim
X (P T {0, Ty (9) T3 (2) T3 (0)} |pi), (1)

where (W) denotes electromagnetic (weak) currents,
and T{...} the time-ordered product. In the chiral
limit the divergence of the weak axial current vanishes
(0, A" x my — 0), while the vector current is conserved
to higher order corrections in o and mg — m,,. Ref. [15]
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FIG. 1:

Diagrams contributing to the matching between xPT and #EFT at O(e

c2)

%) (upper panel) and O(ey) (lower panel).

Single, double, wavy, and dashed lines denote, respectively, leptons, nucleons, photons, and pions. Dots refer to interactions

from the lowest-order chiral Lagrangians Eff

interactions from the NLO chiral Lagrangian £

only considered the asymptotic and elastic contributions
to Eq. (11), i.e. inserting a complete set of states in
between every current and retaining only the nucleon.
Assuming isospin symmetry then leads to a vanishing
contribution for the three-point function [15]. Recogniz-
ing diagrams 41, j1,a2,... in Fig. 1 to correspond to an
explicit treatment of these vertex corrections, the results
presented here expand upon the simplified approach of
Ref. [15] to find much larger than anticipated isospin-
breaking corrections.

Numerical impact — We now estimate the numerical
impact of the various corrections, starting with our main
new finding, i.e., the electromagnetic shift to A = g4/gv.
Including BSM contributions, the relation between the
experimentally extracted A and the (isosymmetric) QCD
axial charge is given by [9]

A= g3 (14000 — 2Re(en)) , (12)

where eg ~ (246 GeV/Apsm)? is a BSM right-handed
current contribution appearing at an energy scale Agsm
[9, 10]. To the order we are working the radiative correc-
tion is

A,em

A (&%
00 = 5o (A + AN —A0L) - (19)

For the numerical evaluation of the loop contributions to
A1)

A,em

we use Z, = 0.81 (obtained from the physical

. . . . 2,0
and L? ., while diamonds represent insertions of L3 ¥ .

Circled dots denote

pion mass difference and F, = 92.4 MeV) and the av-
erage nucleon mass my = 938.9 MeV. In the loops we
set gff) = ga =~ 1.27 [6], as the difference formally con-
tributes to higher chiral order. Existing lattice data in-
deed indicate that g4 has a mild m, dependence [11, 42].
The NLO LECs c3 and ¢4 have been extracted from pion-
nucleon scattering [43, 44]. They show a sizable depen-
dence on the chiral order at which the fit to 7-IN data is
carried out, with a big change between NLO and N?LO,
stabilizing between N2LO and N3LO. For the corrections
we find

AD o € {24, 5.7}, A

A,em

= {10.0,14.5,15.9}, (14)

where the range in AY A Vem 18 obtained by setting
C’A( ) — Cy =0 and varymg ,u between 0.5 and 1 GeV,
while the three values of AQ A om are obtained by using
cs.4 extracted to NLO, N2LO, and N®LO [44]. While the
NLO correction is somewhat larger than the LO one, we
stress that we do not know the full LO correction because
we have set the counter term contribution Cy — CV to
zero. In addition, in an EFT without explicit A degrees
of freedom, c3 and ¢4 are dominated by A contributions
and thus anomalously large. Combining the corrections,
we estimate a correction to A at the percent level,

550 € {1.4,2.6}-1072. (15)

This shift has no impact on the current first-row CKM
discrepancy because the most accurate determination
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FIG. 2: Overview of the required shift to lattice QCD de-
terminations of g4 and comparison with current experimen-
tal determination of A. The bottom panel shows the shift
and increased uncertainty in magenta with corrected val-
ues. The keys in the figure are FLAG21 [21], CalLat19 [22],
PNDMEI1S [42], PDG21 [6], PERKEO3 [23], UCNA [45].

of \ is at present obtained from experiments, where
these corrections are automatically included. The correc-
tion does have a big impact when comparing with first-
principles lattice QCD computations of neutron 5 decay.
Present lattice calculations of g4 work in the isospin limit
without QED, but Eq. (15) shows these results cannot be
directly compared to the experimentally extracted value
of g4 without subtracting the newly identified isospin-
breaking radiative corrections in this Letter.

In Fig. 2 we show the significance of the correction 51({\(%
in comparing lattice QCD calculations with the state-of-
the-art experimental determination of \. Compared to
the most precise individual lattice calculation [22], our
radiative corrections corresponds to a 2.7¢ shift and a
more modest ~ 1o shift in the conservative FLAG’21
average [21]. 5;’\(3 generally improves the agreement be-
tween lattice QCD and experimental determination of
A and is essential if one wishes to obtain robust ranges
(or constraints) on right-handed currents. For example,
assuming existing central values and an increased lattice-
QCD precision, the neglect of radiative corrections (51({8)
would wrongfully point to BSM physics at O(1 TeV).

Isospin-breaking corrections to the weak magnetism do
translate into explicit spectral changes (see the appendix
for the full differential decay rate). Relative corrections
of O(107%) occur in the SM predictions of both a, the
(B-v angular correlation, and A, the S-asymmetry. These
are comparable to anticipated experimental precision in
the coming decade within the context of CKM unitarity
tests [12]. Even larger relative changes (O(0.1%)) can
occur due to cancellations in the leading-order SM pre-
diction, such as in nuclear mirror systems used in com-

plementary |V,,q| determinations [46]. An extension of
this effort to nuclear systems is deemed crucial and fits
within rejuvenated superallowed efforts [5, 47]. On the
other hand, the induced tensor coupling ¢y produces a
shift to the Fierz term and the neutrino-asymmetry pa-
rameter B at the level of 1075, negligible in light of the
expected experimental accuracies.

Conclusions and outlook — By using a systematic ef-
fective field theory approach we have identified and com-
puted novel radiative corrections to neutron S-decay.
The largest correction, at the percent level, can be under-
stood as a QED correction to the nucleon axial charge.
While this does not impact the extraction of V,4 from
experiments, it has important consequences for the po-
tential of S-decay experiments to constrain BSM right-
handed currents when comparing the measured value of
A = ga/gv to the first-principles calculation of the same
quantity with lattice QCD. In addition, we have iden-
tified changes in the neutron differential decay rate, in
particular a shift in the S-v angular correlation and the
[-asymmetry, that are relevant for next-generation ex-
periments.

The new shift in the nucleon axial charge depends upon
non-analytic contributions associated with pion loops as
well as analytic short-distance corrections parameterized
by LECs. The LECs that lead to the largest part of
the correction (c3 and c4) are precisely extracted from
pion-nucleon scattering data, but others are presently
unknown leading to a sizable uncertainty in our results.
Lattice QCD can compute the hadronic n — p amplitude
in the presence of QED [19, 20], which enables a determi-
nation of the unknown LECs. There are subtleties that
must be addressed related to gauge invariance and the
non-factorizable contributions to the renormalization of
the four-fermion operator [48]. QEDy; [49], in which the
photon is given a non-zero mass, may simplify the iden-
tification of the matrix element of interest by increasing
the energy gap to the excited state contamination.

Looking beyond neutron decay, it is very possible
that similar-sized corrections affect nuclear B-decay.
The computations in this Letter provide the first step
towards a full EFT treatment of radiative corrections
to the multi-nucleon level. Given the interest in these
low-energy precision tests of the Standard Model and
the existing deviations from first-row CKM unitarity,
it is imperative to accurately determine these radiative
corrections in order to make full use of the anticipated
precision of upcoming experiments.
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APPENDIX

Effective Lagrangians and power counting — We start
from two-flavor QCD in presence of external sources

L = Lqgcp — Gr(s+ip)gr — qu(s —ip)qr
+ q"luar + GrY'ruar (16)

where ¢7 = (u, d) and s(z), p(x), 1, (x), 7,(x) can be writ-
ten in terms of quark mass, Standard Model gauge fields,

and external classical fields 5, p,[,, 7, as follows

X = Bo(s+ip) = Bo(mq+ 5+ 1ip) (17a)
e = —eQEMA, + QY Ut + QY TP 47, (17b)
r, = —eQEMA, + 7, . (17¢)

Here By is a constant with dimension of mass, m, is
the quark mass matrix, QM = QEM = diag(qu,qa)
(with g, = 2/3,qa = —1/3), QY = —2v2G V47", and
Jlept — €rYuVer- The Lagrangian in (16) is invariant un-
der local G = SU(2);, x SU(2)g x U(1)y transformations

qrL — L(x)ea"(”)q,; , qr — R(x)eaV(’”)qR , (18)

with L, R € SU(2)r,r, provided Qf]‘{{[ and QW trans-
form as “spurions” under the chiral group QILEM’W —
LYW LT and QEM — RQEMRT, and that I, and 7,
transform as gauge fields under G. This implies

x — RxL' (19a)
l, — LI,L"+iLd, LT + 9,0y (19b)
r, — Rr,R'+iRO,R' + d,ay . (19¢)

Note that the external sources can be decomposed in
SU(2) singlet and non-singlet components as follows:
Ly =00+, ry =1+

To construct the effective chiral Lagrangians, one in-
troduces the nucleon and pion fields as follows [50, 51],

0 +

_ (P _ 2 _ JIl/(F) _ m V2r

N (n)’ U=u e , 11 (\/iﬂ'_ 0
(20)

and F' ~ F, = 92.4 MeV. These fields transform under
the chiral group as follows

u — LuK'(u) = K(u)uR' (21a)
U — LUR' (21b)
N — K(u)N (21c)

where K (u) is a pion-dependent SU(2)y transformation.
To construct chiral invariant Lagrangians, it is very
useful to use chiral-covariant derivatives

DU = 8,U—il,U+iUr, — L(D,U)R' (22a)

3015 + 1%
VN = (au +T, - ZW) N — K(V,,N)(22b)
1 - ns -INS
r, = 3 [u(@u —iry” )uT + uT(aﬂ — il )u]

— K(u), K + K(u)d,K(u) . (22¢)
It is also very useful to use combinations of fields that
transform homogeneously with K (u):

u, = i [u(8,— ir,)ul —ul(8, — il )ul

— K(u)u, K (u)' (
xe = u'xul £uxTu — K(u)yLK )" (23b
QfM’W = uTQfM’Wu — K(u)QfM’WK(u)T(%C
QEM — yQEMyT — K(u)QEM K (u)f (23d

Finally, in the literature one often finds the combinations
of charge building blocks with definite parity

Q4 = % (QrL £ Qr) - (24)

The standard xyPT power counting assumes that exter-
nal momenta and meson masses are comparable (gext ~
my). Including charged lepton masses one assumes p ~
Goxt ~ My ~ My K Ay ~ 4w F; ~ my. Given this, one
makes the following assignments:

d~p, X&~ Bomg~mi~p® . lyru~p, (25)
with the latter identification implying e ~ p and Gp ~ p
(though we will never go beyond one insertion of G and
two insertions of the electromagnetic coupling e). The
above scalings allow us to assign chiral dimension to each
lagrangian vertex in a straightforward way.

The pion Lagrangian has the usual expansion in even
chiral powers:

Lr = LD 4LW 1 .
LY = v 4o
F2

= T<u/—tuﬂ + X+> + €2ZWF4<QEMQgM>a (26b)

(26a)

which leads to the identification

mis —m2, =2e*F27Z, . (27)



The gauge-kinetic leptonic Lagrangian has chiral di-
mension n = 1:

Liept = € (2(? +ed — me) e+ vidu . (28)

To the order we work, we need to include the following
purely leptonic counter-term [32]

LT —e?Xg e (id+ed)e. (29)

lept

The pion-nucleon Lagrangian has both odd and even
chiral powers, starting at n = 1:

Lon = LB+ L%+ 25 + .. (30a)
L0y = Nyiv- VN, + gaN,S - uN, (30b)

2 2,0

L2 = Ly + Lk (30¢)
)

3 3 e? e?

()
s
=2

I

where in the nucleon rest-frame v* = (1,0) and S* =
(0, 0/2). We have displayed explicitly here only the lead-
ing order Lagrangians and we will report below the ap-
propriate higher order terms as needed. All these effec-
tive Lagrangian are know in the literature, see for exam-
ple Ref. [31], except for Effjf,’@, which is needed to reabsorb
divergences from loops that involve virtual baryons, pi-
ons, leptons, and photons. We report here only the terms
that play a significant role in our analysis.

The one-loop diagrams with virtual nucleons, pions,
and photons generate divergences which are absorbed

by counterterms in the Ef:]f; Lagrangian. When con-
structing the baryon electromagnetic Lagrangian, it has
been common practice in the literature [29-31] to use
charge spurions corresponding to the nucleon charge ma-
trix Q = diag(1,0). Now Q differs from the quark charge
matrix only in its SU(2) singlet component: therefore
the two objects have the same transformation properties
under the chiral group and this procedure is justified. In
what follows we indicate all the chiral building blocks
built from the nucleon charge matrix with a bar. A min-

imal version of Lf:@ was constructed in Ref. [31]
L= Y aNOTN. G
i=1,12

Only four operators contribute to neutron decay at tree
level,

Of" = (@1 - Q%) S u (322)
057 = (Q4)*S u (32b)
057 = 31040 "] +hc. (32¢)
O = 11045 ], (324)

with

) ~ _
cfb =3 (u[lu,Q]uT :I:uT[rM,Q]u) ) (33)
As standard practice in xPT, the divergences are sub-
tracted as follows [26]:

d—4
M) = s (52 - 5 (o owtn + 1) .31)

We use the same subtraction scheme for all LECs. The
coefficients 7; can be found in Table 5 of Ref. [31]. We
checked that the g; couplings absorb correctly the diver-
gences of diagrams without virtual leptons, thus provid-
ing a consistency check on our calculation.

The one-loop diagrams with virtual nucleons, pions,
photons, and charged leptons generate divergences which
are absorbed by counterterms in the new Efj@e La-
grangian. These are the analogue of the operators intro-
duced in the meson sector in Ref. [32], that contribute
to (semi)leptonic meson decays to O(e?p?). We find five
structures, of which only the first three contribute to neu-
tron decay at tree level

=2y X0, (35)
1=1,5
where

O1 = éyavL vaaQEVNv (36a)
Oy = &yov, N[OV, OEMIN, (36D)
O3 = éyavg N,S* QW QEM|N, (36¢)
Oy = evavy Ny (QY QEMYN, (36d)
Os = eyavp N,S*(QWQEMYN,, . (36e)

The couplings X, are dimensionless (note that Qu car-
ries dimension via the G factor).

To compute the neutron decay amplitude to O(Graey)
we must consider one-loop diagrams with insertions of

,ijv, for which (in the notation of Ref. [52]) we use



1

2 N, . gA
Loy = NlQ ((v-D)* = D?) — Smn {8 Dv-upb+aTr(xs) + <C2 -

mn

2

9a ) (v-u)?

+egu - u+ (04 + 4”1%> [S*, 8" upuy + csX4 — ﬁ [S*,S"] <(1 + Iﬁ:l)f;ru + 1(;<;0 — k1) Tr (f:y)> ]N. (37)

N

Given these Lagrangians, Weinberg’s power counting
argument [33-35] implies that connected diagrams scale
as A ~ p¥ with

v=2L+1+ » (n-2)N)M+ Y (m-1)N} (38)
n=2,4,... m=1,2,...

where L is the number of loops and NM (NEI) is the
number of mesonic (fermionic) vertices with chiral di-
mension n (m). In deriving this formula, pion propaga-
tors are counted as p~2 and baryon / lepton propagators
are counted as p~!.

Using this power counting one sees that the amplitude

for neutron decay can be organized as follows

A= AW + A® 4 AB) 4 AW 4 (39a)
AW = AGEP? (39b)
A®) = AGrr (39¢)
AB) = fCrp® | geiCrr? (39d)
AW = ARy g Crr (39%)

We are interested in computing the leading and next-to-
leading electromagnatic corrections to the neutron decay,
which appear at chiral order n = 3 and n = 4, respec-
tively. Using Eq. (38) one can easily identify the tree-
level and one-loop diagrams that contribute to a given
order, up to A®:

e The amplitude AM) is given by a tree-level diagram
with insertion of the weak vertices from E;ljz,.

e The amplitude A is obtained by tree-level graphs
with one insertion of Esz, and any number of inser-

tions from E;ljzj and 553). It contributes to neutron
decay at order Gpeépecoil-

e The amplitude A®) is given by tree-level graphs
with one insertion of Efzz, and any number of inser-
tions from EE}K, and £7(72); and by one-loop diagrams
with vertices from LSK, and £, In Fig. 1 (upper
panel) we show all one-loop topologies contribut-
ing up to O(e2Grp°), These involve virtual pions,
virtual photons, and virtual charged leptons.

2

(

e The amplitude A® is given by tree-level graphs
with one insertion of [,Esz, and any number of in-
sertions from £7(le2[ and ﬁf); and by one-loop dia-
grams with one vertex from Efgf and any number
of vertices from Efrljz, and £$?). Note that tree level
graphs with insertion of ,Cffjf,p “) do not contribute.
In Fig. 1 (lower panel) we show representative one-
loop diagrams contributing up to O(e?Grp), These
involve virtual pions, virtual photons, and virtual
charged leptons.

The counterterm contributions to the amplitude at
O(e2?Gpp°) are captured by the combinations Cya (see
Eq. (7)) as follows:

Ca = 8r° lXG + g,(lf) [X:Hr (91 +g2+ 911>H

2 2
~ X ~ ~
Cy = 8r? [—26—1—2()(1—)(2) +99} . (40)
Neutron decay rate — We now present the neutron

differential decay rate up-to-and-including O(G pérecoil,
O(Gra), O(Graey), and O(Grag) corrections. We fol-
low Refs. [9, 24, 53] and write

dF o (GFVud)2 2 - - -
dEedQedQV - (277)5 (1+3)\ )w(EE)D(EEapeapuao—n) I
(41)

where &, denotes the neutron polarization and A
ga/gyv. The spectrum of the electron is described by

w = |F|Ee(Bo — E*F(E) (14 5-00(B) ) . (42)

where Eg = (m? —m2+m2)/(2m,) is the maximal elec-

tron energy, and F'(E.) is the Fermi function for an elec-
tron in the field of the final-state proton. The radiative
correction (5&1) is discussed below. The function D can



be parametrized! as

Ee me — e
D = 1+co+cl—+5b+ pEE +AT

— 2
Pv
Caa
“+ou (5 2)
ﬁe'ﬁua'pe = pe'ﬁua'ﬁy
2y
E.E, E. Cas E.E, E, (43)

—

g -

B
+ Eu

+éaA

The various coefficients can be further decomposed
through [9, 53]

_ @ , (a) Ee o
a = (aLo—i-c —|—c1 mN)(1+27r6 (E )),

() <A)E @ 52
(et 0 2 (4 05

N
I

N

_ E,
B = Bro+cP + P =< +—by,
E.
~ aa Ee
aa — Cg ) )
mn
~ a Ee
Can = "M==,
mn
_ . s E
Cop = ™ 4 (0B Ze (44)

my

The LO coefficients are well known and given by

Lo 1N
RO T
20\ —2)\?2
Ao = ———=
Lo 1+3X2°
2 4 2)?

We write the remaining coefficients in terms of gy =

1 A possible correction to the time-reversal-odd D coefficient only
enters at O(Gpa€recoil) [54].

aZx gAmNﬂ'

Hp = Pn — 57 Mo

o gAMNT

and cr = - T

p o Mme 14 2X(jfiy + 3er) + A2

my 14+ 3)2
o = By 2A(A + )
my 14+ 3)\2 ’
o = 3+ 4y + 9N?
14 3)\2 ’
(@ _ Eo 220+ )
0 my 1+3X\2
RONS CAABA+ fiv)
1 1432 7

(A _ B A DA+ v)
0 - )

my 1+3)\2
() _ AT =5\ + (1 - 3))

a- = 1+ 3)\2 ’
B _ B 2A(A + fiv)
0 my 1+3X2
By MT+5A) + v (1+3))
01 = 9
14 3)2
b ~me (LA + av) +2er(1+22)
v my 1 + 3)\2 ’
(aa) 3(1 _ )‘2)
cq = ———>,
1+ 32
Jad) _ A=DEA+av)
1 1+3)2 ’

aB) _ Bo A+ VA +fv)
0 my 1+ 3\2 ’
@) _ (A +XN)(TA+av)
a = 1+ 3)2 ' (46)

The explicit expressions for the radiative corrections
(1) (2) :
do’ and d4 "’ are given by

(1) 1
5¢ 5
1+ J 1(E> 1+5
+ 3 log 5+ 125 \ & IOgl—ﬂ
1 °oF 3 E
+4[2ﬁl H &m. 2 3Ee]
1
{4L12< > (ﬁg)} (47)
2
s@ - 1-8
¢ B B
41-8) E [1 1+5 .
ETE E{ﬁ _}
1 E2[1-3 1+
652E§{ 25 - og 15_1] (48)

where 8 = |p.|/E. and E = Ey — E.. Our expression
for (5((11) coincides with the combination of (5((11) + e{}(u) in
Ref. [24] upon identifying 2Cy with the combination of



counterterms ey — (e1 + e€2)/2 | in Ref. [24]. Finally, ex-

pressing 5&1) in terms of the Sirlin function g(E., Ey) [17],
we find

A 5
5((11) =2Cy + — + 3log Tl +g(E., Eop) . (49)
4 My
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