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Inverse beta decay (IBD), o, p — e"n(y), is the main detection channel for reactor antineutrinos in
water- and hydrocarbon-based detectors. As reactor antineutrino experiments now target sub-percent-
level sensitivity to oscillation parameters, a precise theoretical description of IBD, including recoil, weak
magnetism, nucleon structure, and radiative corrections, becomes essential. In this work, we give a
detailed and precise calculation of the total and differential cross sections for radiative IBD, o, p — e ™ ny.
We use a heavy baryon chiral perturbation theory framework, systematically incorporating electroweak,
electromagnetic, and strong-interaction corrections. We derive new analytic cross-section expressions,
clarify the collinear structure of radiative corrections, and provide a systematic uncertainty analysis. We
also discuss phenomenological applications for reactor antineutrino experiments, e.g., JUNO, and
neutron decay. Our results enable subpermille theoretical precision, supporting current and future

experiments.
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I. INTRODUCTION

Experimental evidence for neutrino oscillations, and thus
the existence of nonzero neutrino masses [1,2], has been
firmly established by solar [3-8], atmospheric [9,10],
reactor [11-15], and accelerator [16—18] neutrino experi-
ments. Current efforts in neutrino physics [19-21] are
focused on precision measurements of the neutrino mixing
parameters [22-34], the determination of the neutrino mass
ordering [33,35], and searches for charge-parity (CP)
violation [32,33,36]. Among these, medium-baseline reac-
tor experiments play a critical role. They probe the structure
of the lepton mixing matrix with high pre(:ision.1
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lCurrently, the neutrino oscillation parameters in the frame-
work of the Standard Model with three massive neutrinos are
determined as 0,/ = 33.761041,0,3/ =43297030.0,3/ =
8.621011, bep/ = 212128, Al 753710094 ang Al —
2.51170:938 for the normal hierarchy and O3/ C=47.901073,
013/  =8.65 01 6cp/” = 274732, and s, = —2.483709%
for the inverted hierarchy [37].
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The Jiangmen Underground Neutrino Observatory
(JUNO) [35,38-42] is an example of such a medium-
baseline reactor experiment. It is designed to determine
the neutrino mass hierarchy with 3¢ significance by
detecting antineutrinos from the Yangjiang and Taishan
nuclear power plants. JUNO expects about 83 inverse
beta-decay (IBD) events per day with a 20-kiloton liquid
scintillator detector. This yields approximately 180,000
events over six years. These statistics enable precise tests
of the unitarity [43-46] of the Pontecorvo-Maki-
Nakagawa-Sakata matrix [47,48] at the supercent level.
JUNO aims for relative uncertainties of 0.7% on the
largest mixing matrix element and 0.6% or better on the
neutrino squared-mass differences [35]. The first JUNO
measurement of reactor neutrino oscillations has already
improved the accuracy of the solar oscillation parameters
by a factor of about ~1.6 [49,50]. This progress has
motivated broad theoretical and phenomenological
research [51-75]. The advances in precision frontier
require updates in theoretical cross sections. Such new
predictions are needed to convert reactor antineutrino
fluxes [76-78] into observable event rates. Achieving
sub-percent precision in oscillation physics also demands
a precise understanding of the initial antineutrino flux
and energy spectrum. These quantities, determined by
complex fission processes and corresponding beta-decay
spectra, introduce critical systematic uncertainties that
must be controlled through refined reactor modeling,
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improved nuclear data, and in situ measurements to fully
exploit the statistical power of experiments like JUNO.
Inverse beta decay on a free proton,

Detp—e +nly), (1)

is the dominant reaction for reactor antineutrinos in hydro-
gen-rich media and was the channel of their first observa-
tion [79]. The positron from IBD promptly deposits its
kinetic energy and annihilates with an electron, yielding a
prompt signal. The neutron is then captured by hydrogen or
carbon nuclei with average lifetimes of about 200 ps,
producing a delayed gamma signal at 2.2 MeV or
4.95 MeV, respectively. The prompt-delayed time-energy
correlations enable efficient background discrimination.

Precise oscillation analysis requires accurate energy
reconstruction event-by-event. JUNO aims for ~3% energy
reconstruction precision with its liquid scintillator detector.
Radiative corrections, especially real photon emission in
IBD, can affect energy reconstruction in neutrino detectors.
These corrections modify the correlation between mea-
sured positron and incident antineutrino energies. Current
analyses do not account for these effects in event
reconstruction or spectrum modeling. For precision analy-
ses in experiments like JUNO, it is essential to account for
all relevant quantum corrections to the IBD cross section.
These include recoil effects, weak magnetism, nucleon
structure contributions, and radiative corrections from
quantum electrodynamics (QED), quantum chromodynam-
ics (QCD), and electroweak interactions.

IBD cross sections and radiative corrections have been
studied for decades. The first comprehensive treatment of
QED radiative corrections was provided in Ref. [80]. This
work expressed them in terms of the electromagnetic
energy, the sum of the positron and photon energies, and
also incorporated recoil and weak magnetism corrections.
However, this work included only partially the “inner”
radiative corrections from QCD and electroweak inter-
actions, and it had a residual dependence on an ultraviolet
cutoff intended to be fixed by neutron decay experiments.
Subsequent refinements in Ref. [81] corrected recoil effects
and presented QED corrections fully analytically, using
techniques developed in Refs. [82,83]. This type of
radiative correction can be directly applied to the positron
energy spectrum within the elastic IBD kinematic range.
Here, the total electromagnetic energy serves as a signature
of the positron energy.

Further studies refined the theoretical framework of IBD.
References [84—88] examined the conserved vector current
hypothesis. They clarified the role of first- and second-class
currents in the vector sector of the hadronic matrix element
[89]. Recoil and weak magnetism corrections were revis-
ited in the context of supernova neutrinos in Refs. [90-93].
Radiative and recoil effects were also studied for primordial
nucleosynthesis [94,95].

A simplified but widely used parametrization of QED,
QCD, and electroweak radiative corrections was introduced
in Refs. [93,96-99], building on the treatment of “inner”
corrections from Ref. [100]. This approach was adopted in
Ref. [99], which also incorporated the neutron-proton mass
difference and provided a compact parametrization for IBD
cross sections. The estimated uncertainties at that time were
0.4%. Recent analyses [85,101] improved this to the
0.05%-0.1% range. They identified the axial-vector cou-
pling constant g, and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix element V,; [102,103] as dominant sources
of uncertainty. QED corrections to positron angle-depen-
dent terms were evaluated in Refs. [104,105] and repro-
duced using effective field theory methods in Ref. [106].

Despite this progress, several key aspects have remained
unresolved. Most existing calculations do not clearly
distinguish between the positron and electromagnetic
energy spectra, neglect the change in energy range from
elastic to radiative processes, and apply the static-limit
approximation in radiative phase space, assuming zero
neutron recoil and a fixed sum of photon and positron
energies. However, this approximation works very well for
precision goals above 1%o with the electromagnetic energy
spectrum. The radiated hard photon can significantly
change the acceptance by escaping the detector or changing
the kinematics of the recoil positron. Therefore, the
electromagnetic energy spectrum can be applied in the
analysis of IBD reactions with liquid scintillators by
summing the total energy in the prompt event only
neglecting the detector-specific details [107-110] like
energy- and particle-dependent energy responses, which
are known to be nonlinear [49,50,111], and bremsstrah-
lung-related acceptance corrections, introducing potential
biases in bin-to-bin migrations, and forbidding the back-
ground rejection by the event topology. Modern
reconstruction techniques do not allow efficiently distin-
guishing electron, positron, and photon events in liquid
scintillators [49,50,109—138], but the progress in this
direction is expected by implementing the machine
learning techniques [49,50,109-111,117,120,122,123,127-
135,137,138] as well as transitioning to “self-segmented”
opaque detectors [139-145] and/or water-based liquid scin-
tillators [112-115,118,119,146-148]. Therefore, it would be
desirable to control also the positron kinematics in the
radiative IBD process directly. The dedicated calibration of
the energy reconstruction in liquid scintillators, based on
precise calculations of radiative IBD cross sections, will
improve particle identification and energy determination.
Moreover, an accurate simulation of (anti)neutrino-nucleus
reactions requires control over the final-state positron
kinematics. For instance, the broadening of charged lepton
tracks by electromagnetic interactions with the nuclear
charge density can significantly change the observed elec-
tron scattering angle in experiments with large nuclei as a
target [149-153].
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In this work, we address these shortcomings and present
a comprehensive, high-precision evaluation of IBD cross
sections that incorporates all relevant physics effects.
Specifically, we

(1) Revisit and evaluate numerically QED radiative
corrections within the heavy baryon chiral pertur-
bation theory (HBChPT) framework, using recently
determined coupling constants [154—157] that in-
clude all short-distance contributions from scales
above ~1-10 MeV.

(2) Present a detailed uncertainty budget for total and
differential cross sections at the subpercent level,
suitable for implementation in precision reactor
antineutrino analyses.

(3) Provide analytic expressions for radiative IBD cross
sections as well as update QED radiative corrections
to the neutron lifetime and beta asymmetry, includ-
ing real photon emission beyond the static limit,
using exact three-body phase-space integrals
[158,159].

(4) Evaluate both positron and electromagnetic energy
spectra with exact phase-space boundaries, satisfy-
ing expected single-logarithm and logarithm-free
collinear behavior, respectively.

(5) Present double- and triple-differential distributions
suitable for high-precision simulations and data
analysis in reactor and solar neutrino experiments
[160-166].

(6) Quantify the effects of radiative corrections on
observable spectra, reconstruction of the antineu-
trino energy with liquid scintillators, and discuss
implications for new physics searches at leading
order in nucleon recoil.

With exact three-body phase-space integrals, we violate the
rigorous HBChPT power counting but properly account for
enhancements near kinematic endpoints in our results.

The structure of the paper is as follows. In Sec. II, we

review the kinematics of elastic IBD, introduce the
HBChPT Lagrangian and relevant coupling constants,
and provide the leading-order differential and total cross
sections. Section III evaluates recoil, weak magnetism,
nucleon structure effects, and virtual radiative corrections.
In Sec. IV, we compute real photon emission cross
sections, detail the treatment of the full three-body phase
space, and present new and known results for IBD cross
sections. Results for total cross sections, energy spectra, and
angular distributions, as well as radiative effects on the
reconstruction of the antineutrino energy in liquid scintilla-
tor, are discussed in Sec. V. In this section, we also provide a
straightforward extension to the charged-current neutrino-
neutron elastic scattering and update the radiative corrections
to the neutron decay. We present our conclusions and outline
future directions in Sec. VI. Supplemental Material [167]
and Ref. [168] include a Mathematica notebook and a Python
library for fast, accurate evaluation of IBD cross sections.

II. INVERSE BETA DECAY

We review the kinematics of antineutrino scattering on
protons in Sec. I A. We then describe the low-energy
effective field theory for charged-current electroweak
processes involving (anti)neutrinos and nucleons in
Sec. II B and specify the low-energy coupling constants
and experimental inputs. In Sec. IIC, we present the
leading-order cross sections in the inverse beta decay
reaction.

A. Kinematics in charged-current antineutrino-proton
elastic scattering

We consider the charged-current scattering of antineu-
trinos on protons 7,p — e*n. For hydrocarbon or water
targets, the molecular binding energy and momentum are
negligible compared to the energy and momentum trans-
ferred during the scattering. Therefore, we take the initial
proton to be at rest in the laboratory frame, with kinematics
given by p# = (m,,0) (initial proton with p* = m3), p* =
(E,.k — k') (final neutron with p"”* = m2), k* = (E; k)
(initial antineutrino), and k* = (E,, k') (final positron with
k> = m2) (see Fig. 1). The antineutrino mass is negligible
compared to the masses of the other particles and typical
beam energies and is thus ignored in all expressions. We
denote the momentum transfer on the nucleon line
as gt = p'* — pH.

This two-to-two elastic scattering process is described by
two independent kinematic variables. We define the invari-
ant squared momentum transfer as

Q*=—¢*=—(p'—p)*=m3—m}+2m,(E; —E,), (2)

and the squared energy in the center-of-mass reference
frame as

s =(p+k)?=m:+2m,E; . (3)

Ve et

p

FIG. 1. Kinematics in inverse beta decay.

053010-3



TOMALAK, LIU, and LI

PHYS. REV. D 114, 053010 (2026)

The IBD process occurs only if the antineutrino energy
exceeds the threshold required to produce a positron and
compensate for the neutron-proton mass difference. At
the level of invariants, s = m3 +2m,E; > (m, +m,)?,
which translates to the threshold energy Eg:r:

E; > Efr = (iml 7 ith B 1.806066 MeV.
e e P e
Expanding in powers of 1/m,, we obtain

Eir — (E0+me)<1+ﬂ> +O<#>, (4)

m n n

2 2.2
with  Eo=""""0~1.292581 MeV. Note that
Ey~Am = m, —m,, aligning with conventions in
-decay literature. For muon and tau antineutrinos, the
y

thresholds are much higher, E‘U‘:r ~ 113 MeV and|

e R

E,Ehr ~ 3.46 GeV, respectively. The positron energy E, is
restricted to a narrow range EV'" < E, < EJ™,

2

(s —mp +m2)(m, + E; ) — E; \/2(s, my, m32)

min __
Ern =

2s ’
(5)
Emax — (S - m%l + mg)(mp + Eﬂe) + Ez'/e V Z(S, m%;, mg)

2s
(6)

where X(s,m2, m2) = (s — (m, + m,)*)(s — (m, —m,)?)
is the kinematic triangle function. The leading terms in
1/m,, expansion for the boundaries in the positron energy
are given by

(Es, = Eo) = m? + Eg (Eg + /(B —EoP —m2) 7
+O _2 )

_ ™

Ep™ = B, - Ey -

(Es, — Eo)* —mg + E; (Ey — \/(Eﬂe — Ey)* —mg) N (’)< 1 )

) (8)

my, n

The antineutrino energy Ej can be expressed in terms of the recoil positron energy E, and scattering angle O, as

1 mj—m}+2m,E, —m?

El_/ == - N
“ 2m,—E,+\/E}—m:cos0,

and its 1/m, expansion is

©)

E, =E,+E)—

In the absence of radiation, the angle ®, between the
positron and the antineutrino beam direction is

2(E; E, +myE, —m,E; ) + mj —m3, — m;

2E; \/E2 —m? ’
(11)

without any kinematic restrictions on the positron scatter-
ing angle, while the neutron always goes in the forward
direction. These kinematic relations also apply to muon and
tau antineutrinos, with appropriate substitutions for lepton
masses and energies. The 1/m, expansion of cos®, is
given by

cos®, =

EEy+m? — (E, + Eo)(E, + Ey — \/E; —mlcos ©,) +0<L)' (10)

my

m;

mn(Ee + EO - Eﬂe) _ m% + EeE() - (Ee + EO)EEe

cos®, = E T T
I e — Mg U, e — Mg
Ey E}—m? ( 1 )
Y 1 0(—]. (12)
2my, E; \/EX—m? m;,

B. Heavy baryon chiral perturbation theory

Inverse beta decay induced by reactor antineutrinos
is a low-energy process characterized by scales well
below the pion mass and typical hadronic energies.
Specifically, the neutron-proton mass difference
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Am = m, —m, ~ 1.3 MeV, the electron mass
m, ~ 511 keV, and the reactor antineutrino energies
<10 MeV are all much smaller than the chiral symmetry
breaking scale and nucleon mass. This hierarchy enables a
systematic description of strong-interaction dynamics using
effective field theories. Treating nucleons as heavy static
fields, we adopt heavy baryon chiral perturbation theory
(HBChPT) to analyze IBD.

In this framework, nucleon mass effects are incorporated
as recoil corrections characterized by the small parameter

=4t where my ~m, ~m, denotes the nucleon

€recoil — my’ P
mass, and q,.,, is the characteristic momentum transfer in
IBD. By integrating out pion degrees of freedom, the low-
energy interactions are encoded in the pionless effective
field theory (EFT) Lagrangian [154,169,170],

L;= —\/EGFV:dEJ/)PLE’Nr(QVUﬂ —2ga8P)T°N,

a
+ O (; s €recoils €4» 6)() +H.c., (13)

with the scale-independent Fermi coupling constant Gp =
1.1663787(6) x 107> GeV~2 [171-174] and the matrix
element of the CKM quark mixing matrix V,,
[102,103,175,176]. e and v, are the positron and antineu-
trino fields, respectively, P; = 1_% is the projection oper-
ator onto left-handed fermions, N, = (p,n)" denotes the
heavy-nucleon field doublet with the field operators for

proton and neutron p and n, respectively, ¢” is the nucleon
velocity, and S = (Og) denotes the nucleon spin. ¢ are
the Pauli matrices acting on spin indices, while 7 act
in the isospin space, satisfying [z%, 17| = 2ie?*“r,
{r9,7"} =26, and * =](z' £ir?). Besides recoil
expansion in €.y, the scale-dependent nucleon vector
gy and axial-vector g, coupling constants in Eq. (13) have
an expansion in the electromagnetic coupling constant a,
radiative pion contributions €, = et and HBChPT chiral

ml!

corrections €, = = with the pion mass m, and the scale
X

A, =4rnF, ~ 1 GeV, where F, is the pion decay constant.

Advantageously, we can work only with nucleon,
positron, antineutrino, and photon fields in this effective
field theory. All chiral corrections are captured inside the
low-energy coupling constants gy and g4, while radiative
pion contributions in low-energy theory, which do not have
large logarithm enhancements, are suppressed as
e S 17X 10742 Recoil corrections to loops in QED

expansion are suppressed as £ €recoi < 2.5 X 107>. Hence,

20(%6/{) corrections to the nucleon magnetic moment and
tensor interaction are evaluated in Ref. [154]. The effects from
these corrections on IBD cross sections are well below the
dominant error sources from the axial-vector coupling constant
g4 and the CKM matrix element V.

the dominant corrections to the leading order in 1/m,, result
arise from QED, recoil, and nucleon structure effects.

The coupling constants gy and g, include short-distance
electroweak contributions from heavy particles (W, Z,
Higgs, top quark), as well as heavy quarks (b, ¢), and
nonperturbative hadronic physics. These have been
recently determined via a top-down systematically improv-
able EFT matching procedure [155-157], which integrates
out electroweak-scale physics and matches the Standard
Model onto the low-energy effective field theory (LEFT)
[177] to describe weak processes through effective four-
fermion interactions down to scales of hadronic physics.
Non-perturbative matching between LEFT and HBChPT
[154,178] at hadronic scales then determines the low-
energy coupling constants, which are evolved down to
the electron mass scale. In this work, we adopt the vector
coupling constant at the electron-mass renormalization
scale gy = 1.02499(13) [155,179-189]. For the axial-
vector-to-vector coupling constant ratio at low energy
A=gs/gy, we take the PDG quote A' = 1.2754(13)
[190-193] for evaluating central values and estimating
errors. We also consider the most precise measurement of
the beta asymmetry in polarized neutron decay by
PERKEO-III A" = 1.27641(45) 4, (33)5ys [194,195] for
optimistic error analysis. To avoid connection to discrep-
ancies in the axial-vector coupling constant and potential
biases related to the neutron lifetime puzzle [196-214], we
take the matrix element V,; = 0.97348(31) from the g4-
independent analysis [190-195,215,216] of superallowed
nuclear f decays [175], incorporating recent updates to
short-distance radiative corrections [155].3 This ensures
that the dominant uncertainties in the IBD cross section
stem solely from the axial-vector coupling constant g, and
the CKM matrix element V.

C. Leading-order cross sections

The leading-order differential cross section for the IBD
process can be expressed in terms of the spin-averaged
leading-order (LO) matrix element 77 g,

TLO = _\/EGFV;dEEYpPLéNn (g\/”p - 2gASp>T_N1n (14)

where the notation follows Sec. II B. Using a standard
flux normalization, the corresponding differential cross
section 1is

dGLO 1
dQ* ~ 1287zm2E2 > _[Tio

Ve spins

?, (15)

with Q? being the squared momentum transfer and Ey,
being the incident antineutrino energy. Evaluating the spin

3For both gy and A, we account for further refinements of the
phase-space integration from Sec. V F of this paper.
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sums, the differential cross section can be compactly
written as

doyro o Gl%lvud|2

(1—ﬂ)<ge+g§>

dQ? 2 Ey,
Q + m;
el G R (16)

Notably, this cross section is nonzero for all physically
allowed kinematics.

The positron angular distribution and the energy spec-
trum can be easily obtained as’

dULO _ E,;” Eg, - m% m dGLO (17)
dcos©, m, + Eg, —%cos@e P do*’
doyo E; VE; —m; mp » 2
- E,E, _GF|Vud|
dcos©, m, + E; ——F—=~=cos®, 7

L’_m{’

X

E E
- _ e - 2
(1 E,je ZED(‘ (1 ﬁCOS(ae))gV

+ <1_ﬂ+ Ee (l—ﬂCOSGQ))gilv (18)

E, 2E;,
do LO dGLO
=2 , 19
de, ~ "rag? (19)
where 0, is the positron scattering angle, and f = /1 — 'g—i

is the positron velocity. Expanding to leading order in the
large nucleon mass, the angular distribution simplifies to
the well-known form

d"FLO o Ee
dcos®, 2n

x [ (14 Be0s ©,)g% + (3 - peos©,) 7

+0 (mi) . (20)

EZ —m?
G|Vl

*To avoid extra definitions for recoil corrections, we
specify the proton mass m, instead of the nucleon
mass my. Previous derivations [80,81,88,92,217-220] do
not include Ey/E; contribution to leading order.
References [80,81,85,88,90,93,95,99,101,106,218,221] con-

sider m, —m,, corrections.

The total cross section at leading order is given by

(s, m2, m?)

Ey. (9v +393)-

(21)

010

GZ‘Vud|2
= Gl (g, — k)

To avoid infinite relative recoil corrections and potential
threshold problems similar to the HBChPT calculation of
the nucleon vector form factors [222-227], as it was also
pointed in Refs. [81,90] and fully included analytically in
Ref. [81], we keep the full kinematic dependence of the
triangle function X(s, m2, m2), which vanishes at the IBD
threshold. The leading term of the total cross section in
1/m,, expansion reads

610 = Gl%‘;ud|2

(Es, — Eon/(Es, — Eo)? = m2 (g} +347)

+0 (mi> . (22)

At leading order, the total cross section can be
expressed in terms of the neutron lifetime z, as
[80,81,90,93,221,228,229]

2

7 (Ep, — Eo)v/Z(s.m;.m7)

mu,t, meg

. (23)

010 —

where the phase-space integral in neutron decay f is

2xF—9x2 -8 / X
f():% )C(Z)—l"‘zoln <X0+ x%—l), (24)

with x( = % and f(xo) = 1.62989. Similarly, the differ-

ential cross section can be expressed in terms of z,,, and the
axial-vector-to-vector coupling constant ratio A = g, /gy as

E 2\ _ Q*+m? 2
doLO_ﬂ2 1 ( _E_;l)(l"hl)_w(l_/l)

dQ? 7, fom> 1+322

(25)

Incorporating QED, recoil, weak magnetism, and phase-
space corrections in the neutron decay can be effectively
achieved by replacing the neutron lifetime in Egs. (23) and
(25) as

1 1 1
7, 1+ Aor— (g% —1)7,

with the relative correction Aoy — (g% — 1) = 2.700(7)%
[155,230], which is dominated by the Coulomb
enhancement.
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III. HIGHER-ORDER CORRECTIONS

In this section, we discuss higher-order contributions to
the inverse beta decay process. We begin with recoil effects
in Sec. IIT A, which include kinematic and structure-
dependent corrections due to the finite nucleon mass and
the neutron-proton mass difference. In Sec. IIIB, we
consider the leading contribution from the nucleon iso-
vector-vector magnetic moment, commonly referred to as
weak magnetism. The corrections arising from strong
interaction dynamics via the nucleon form factors are
presented in Sec. III C. Finally, in Sec. III D, we discuss
QED vertex corrections arising from virtual photon
exchange.

A. Recoil corrections

In this section, we specify the recoil corrections to
unpolarized differential and total cross sections in
Egs. (16) and (21), denoted as do.oy and oOrecoils
respectively.

The correction to the differential cross section arises
from recoil effects and the neutron-proton mass difference
within the nucleon matrix element. It takes the form

dgrecoil G]2:|Vud|2 E() EO 5 5 Q2+mg 5 )

> 2 m, —E—Ee(gv+gA)——4E%€ (9v—92)
Q*+m2  (Q?

+< 4E2 _ZEOE— (gv_gA)2 . (27)

The total cross-section correction also accounts for kin-
ematic modifications of the integration limits and is given
by

G2V 4
Orecoil — _2¥ \/(El_/c - EO)Z - m?

(E;, —Eo)*  EoE;)\, ,
e e 3 2
< . + o, (9v +393)
(2E;, — Ey)(E;, —Ey)  m?
- —— ) galgv —94) |-
mn mn

(28)

The recoil correction to the differential unpolarized IBD
cross section is negative and can reach 1.5% at Ej; =
5 MeV and 3.1% at E; = 10 MeV. This suppression
becomes more pronounced near the IBD threshold, reach-
ing up to 3.2%. The corresponding impacts on the total
unpolarized IBD cross section are 1.9% at E; =5 MeV
and 4.0% at E; = 10 MeV, with the effect continuing to
grow with the antineutrino energy. Theoretical uncertainties
in the recoil correction are negligible for practical purposes,

remaining below 1073 for the total and below 107 for the
differential cross section.

B. Weak magnetism

The leading weak magnetism contributions arise from
the nucleon magnetic moments, encoded in the O(p?)
pion-nucleon interaction Lagrangians [231-235].° These
contributions correct the unpolarized differential and total
cross sections in Egs. (16) and (21) and are denoted as
do,,, and o, respectively.

The corrections to the differential and total cross sections
are given by

dawm _ Glz:lvud|2 EO Q2 + mg Q2
d0? 2

m, 2E;  m,E;

)gA(/’lp_)un_ 1),

(29)

G2V .l
Owm — 2% \/(El_/g - EO)Z - ng

Ey(E;, —Eo) Q5
) PR CD
with the proton y, and neutron u, magnetic moments
entering the isovector-vector combination under the
assumption of isospin symmetry.

In contrast to neutron beta decay, where the weak
magnetism corrections to the total decay rate vanish at
leading order, the IBD process receives a nonzero leading-
order correction from the weak magnetism.

Numerically, the weak magnetism correction to the
differential unpolarized IBD cross section is negative
and increases with the antineutrino energy. It reaches
approximately 2.6% at E; =5 MeV and 5.6% at
E;, = 10 MeV. The total cross section is similarly affected,
with corrections of 1.4% and 3.1% at these energies,
respectively. The parametric uncertainty associated with
the weak magnetism correction is below 10~ for both total
and differential cross sections and is therefore negligible for
phenomenological applications.

C. Corrections from nucleon radii

The coupling constants in Eq. (13) serve as the nor-
malization of the nucleon form factors and incorporate all
chiral corrections. However, strong interactions also induce
a nontrivial dependence on the momentum transfer, 02,
along the nucleon line in IBD. The leading-order effect in
the low-momentum transfer expansion is governed by the
nucleon mean-squared radii. Specifically, the vector and
axial-vector coupling constants are modified as

>We define the weak magnetism correction to be proportional
to the anomalous magnetic moment, similar to Refs. [80,95].
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2 N2 4
won(1-9C00(%)). @
X

2 N2 4
01— (1 —FA6Q +0<[%>> (32)
vd

with the isovector-vector ry, and axial-vector r, radii of the
nucleon. These radii cannot be predicted within chiral
perturbation theory alone, as they depend on low-energy
constants specific to nucleon structure [236-239].
Therefore, we take them from fits to the electron-proton
and electron-deuteron scattering and muonic hydrogen
spectroscopy data in Ref. [240] for the isovector-vector
radius, 2 = 0.578(2) fm?° and from the weighted average
of fits to neutrino-deuterium bubble-chamber data [241],
muon capture on protons [242], and antineutrino scattering
off hydrogen in plastic scintillator targets [243] for the
axial-vector radius, 73 = 0.48(14) fm®. The resulting
nucleon radii corrections to unpolarized cross sections in
Egs. (16) and (21), dogr and ogg, respectively, are given by

dogp G|V al? E,
= I_E_- (gvrv + gara)

do? 27 e
Q%+ m; 0?
—T%E(Q%/r%/—giri) 3 (33)
G2 74 2
Opf = —2¥ (Eu - Eo)2 - m%

(Es, — E0) Q) 2
x fo Gory+ i =3 (90— 93r3)

(E;, + Eo)m;
BB sz, 34

with Qf = 2E; (E; — Ey) — m3.

These nucleon radii corrections are negative and rela-
tively small. For the differential unpolarized IBD cross
section, they reach at most 0.029(14)% at E; =5 MeV
and 0.14(6)% at E; = 10 MeV. The corresponding total
cross-section corrections are 0.016(6)% and 0.07(3)%,
respectively. As expected, the impact of nucleon radii
grows with increasing antineutrino energy. With future
neutrino experiments like DUNE [33,244], the correspond-
ing form-factor uncertainties in IBD cross sections can
be reduced to a negligible relative size below 107*

*We neglect percent-level isospin-breaking corrections in the
relation between neutral- and charged-current processes that are
below the current and near-future errors from the nucleon axial-
vector radius.

k k'

/

D D

FIG. 2. One-loop virtual QED diagram contributing to the IBD
process.

after improving the precision of the nucleon axial-vector
radius [245].

D. Virtual QED corrections

We analyze the one-loop virtual QED corrections to
charged-current antineutrino-proton elastic scattering,
U,p — e*n. Within the effective field theory framework,
only the single triangle diagram in Fig. 2 contributes. We
also include the standard external field renormalization
factors for the heavy proton and positron lines.

The one-loop vertex correction to the matrix element
is computed in the ml renormalization scheme
[155,157,246] in dimensional regularization with d = 4 —
2¢ dimensions of spacetime to regularize the ultraviolet
divergence. The leading-order amplitude, T, receives a
correction 5TLO,7

dL . K+L+m
6T o0 = V2GRV* e? v,y,P, £
LO \/_ FYua€ /(2ﬂ>dVeJ/p L(k’—l—L)z—m%

X 7, (L)N ,(gy v — 294 SP)t~ UDL N,, (35)
1} .

where k = k,y* for any four-vector k, and the photon
propagator I*¥ in momentum space is

i ) L*LY
Lz—l}% _gﬂ +(1 _‘fy)Lz

(L) = .
) —ag,J;

(36)

"For numerical evaluations in this paper, we take the electro-
magnetic coupling constant « in the MS, renormalization scheme
at the scale y, = m,, which is related to its value in the Thomson

limit ag as ;= 4+ 5; [155].
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Here, 4, is the photon mass acting as an infrared (IR)
regulator, £, is the gauge-fixing parameter, and a is an
arbitrary constant.

The field renormalization factors for the external posi-
tron and proton, Z, and Z,, respectively, are given by

at a u? 22
Z,=1-—2_- "~ (InE&4+2InL+4
‘ 4z € 471( m§+ 8 §+
2
a u cflnaiy
—(1 In— +1 , 37
+4 ( 5}’)(1111%—'— 1_a§y ( )

a (1 u? a
Zy=14+—(—-+In— —(1 -
" +27‘[<£+ nl%)+47r( &)
1 2 aé, Inaé
1 =T, 38
(8+n22 bt 1—a§y> (38)

We omit Lorentz structures that vanish upon contraction
with the lepton current in the massless neutrino limit, as
they do not contribute. The resulting correction to the
scattering amplitude can be written as

a
(VZnZs=1)T1o + 6T 10 = - (fiTro + f2T,), (39)

where the new tensor structure 7', is

T, = V2GpVy by, PLoeN,(gye” — 248" ) 7N, (40)

and the renormalized gauge-invariant QED form factors f
and f, are
3 u? 1 1+p
=—|In—=-1 —( 1= —1 1
=5 (1) +3(1-5 1—ﬂ>“12

1 p+1 . p-1 2p
4ﬁ<L12 25 —Li, 2 —|—<1—ln1_ﬂ)

1—|—ﬁ 1—1—,5 7
_p 1+p
f2(B) _4ﬂ1 =5 (42)

where the positron velocity f and parameter p are
defined as

p= (43)

2
m m
 Rp—y =4/1=-p ===
T e s

e

The structure of virtual QED corrections matches those in
the neutron beta decay when evaluated in the neutron rest
frame [154,155,169]. In IBD, there are no Coulomb
corrections and 6. = 0. In the neutron beta decay and

charged-current neutrino-neutron elastic scattering, the
leading-order Coulomb correction is determined by
o0c = 1. To include the %—enhanced higher-order Coulomb

corrections and to properly resum them in the nonperturba-
tive regime when # < a, one can introduce the nonrelativistic
Fermi function, as it is described in Refs. [155,247], cf. also
Refs. [171,248-262].

The vertex correction to the unpolarized cross section
can be expressed as a sum of factorizable and nonfactor-
izable parts,

dav = gévdGLO + do—v,NF’ (44)
/s
where the factorizable correction §, is

5@ = 2f 1s (45 )

and the nonfactorizable component do, nr reads

doyne _a, GVl me

O e " 357). 46
0. 2 E, (9v +3g4).  (40)

In the massless positron limit, the Pauli form factor
vanishes, f5»(f) — 0, and the correction becomes exactly
factorizable.

The relative contribution to the differential and total cross
sections from the form factor f, is positive and below
0.23% value by magnitude for the correction at the threshold.
The size of this contribution decreases as the antineutrino
energy increases away from the production threshold.

IV. REAL PHOTON EMISSION

Oscillation analyses of reactor antineutrino data depend
critically on the accuracy of the antineutrino energy
reconstructed from the final-state positron kinematics.
The emission of real photons can impair this
reconstruction, as the energy response of liquid scintillators
to photons and positrons is strongly dependent on both the
particle type and its energy [49]. Therefore, a detailed
understanding, both direct and indirect, of the kinematics of
the positron and photon in radiative IBD is essential. In this
section, we evaluate the bremsstrahlung process in inverse
beta decay, which involves the emission of a single real
photon. We begin in Sec. IVA by presenting the general
formalism and basic expressions for radiative IBD working
with matrix elements at leading order in nucleon recoil. In
Sec. IV B, we focus on the emission of soft photons
with energies below a cutoff ¢,. Next, we analyze various
observables related to real photon emission. In Secs. IV C
and IV D, we present triple-differential cross sections with
respect to the positron energy, positron angle, and photon
energy, as well as to the neutron energy, neutron angle, and
photon energy, respectively. Although measurements of
neutron recoil kinematics in liquid scintillators are not very
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FIG. 3. One-photon  bremsstrahlung  diagrams  for

v,+p—oet+n+y.

feasible, we study neutron kinematic distributions because
they reflect electromagnetic energy dependencies and can
be evaluated analytically. By integrating over the photon
energy, we obtain double-differential distributions in the
positron energy and angle in Sec. IV E and the neutron
energy and angle in Sec. IV F. Further integration over the
positron angle in Sec. IV G yields the positron energy
spectrum. We then distinguish between the positron energy
spectrum associated with the elastic IBD process in
Sec. IVG1 and the contribution arising solely from
radiative IBD in Sec. IV G 2, with positron energies below
the elastic IBD kinematics. The neutron energy spectrum,
discussed in Sec. IV H, is shown to coincide with the
spectrum of total electromagnetic energy. Finally, we also
present the electromagnetic energy spectrum within the
static-limit approximation for the phase-space integration
in the radiative IBD in Sec. IV L.

A. One-photon bremsstrahlung

We begin by analyzing bremsstrahlung processes in
antineutrino-proton scattering that involve the emission
of a single photon. At leading order in nucleon recoil, the
relevant Feynman diagrams are shown in Fig. 3. The total
amplitude is the sum of two contributions: photon emission
from the initial-state proton T}y and from the final-state

. I
positron T/,

TV =T +T}. (47)

The amplitude for photon emission from the initial
proton T}y is obtained by attaching a photon to the
leading-order amplitude in Eq. (14) as
v-e* N
k, "

(48)

Tily = —\/EeGFV:dEeprLENv(QVUp =2948")7 v-

where k, and &* are the photon four-momentum and
polarization vector, respectively. Similarly, the amplitude
for photon emission from the outgoing positron 7T ;f is

_ K+k +m
TV = V2eGpV* 0.y, PL ——L—
f \/_e F udyfyﬂ L (k/ + k},)z _ mg
X é*éNiz (gVUp - ZQASp)T_NL" (49)

The corresponding bremsstrahlung cross section can be
expressed in terms of the spin-averaged matrix element

Zspins|le|2 as

w111

- NTITYPS ket p—K - p —k
0o 4mpE1_7€ (277)522’ | ( +p p y)

spins
&k, B Bp

X — .
2E, 2E, 2E,

(50)

At leading order in 1/m,,, the spin-averaged squared matrix
element takes the form [104,106]

1 m2 2E
TP == (i) S Tiol
Z E% (k’-ky)z Ey(k’-ky) Z

spins spins

+64€>G|V P, [Ciy (v +93) +cl-7(g"‘v—gi)} ,
(51)

where the leading-order amplitude without radiation 7 g is
expressed in terms of Lorentz contractions of momenta in
the radiative IBD process, and the structure-independent

prefactors ciy are given by

E; 2E,E E? 2
fp_ter Zr (1o e ) ) (52
E Kok, K-k, K-k,

., Es k-k, (E, m? k-k,+k-K
C_}/:i’_ —_ s
K-k, K-k, K-k,

E

E (53)

14 14

which coincides with the expression in the radiative
neutron decay [169,263-269] and charged-current neu-
trino-neutron elastic scattering, under the no-recoil
approximation for the final-state proton p -k, =m,E
with the energy E, in the rest frame of the neutron.

14

B. Soft-photon bremsstrahlung

The bremsstrahlung process in inverse beta decay
includes a universal IR contribution arising from soft-
photon emission when the emitted photon is too low in
energy to be experimentally distinguished from the non-
radiative process. This soft-photon region corresponds to
kinematics where the elastic and radiative processes
become indistinguishable and must therefore be included
to obtain physically meaningful, i.e., IR-finite, cross
sections. Soft-photon corrections affect differential cross
sections with respect to any kinematic variable except the
photon energy, for which the spectrum is evaluated above a
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chosen minimum value. For a single soft photon with
energy E, < ¢,, where &, < m,, Ey, Ej;_acts as an energy
cutoff, the soft-photon bremsstrahlung amplitude T;gft
factorizes as

Iy _
Tsoft =—e

K-e* wv- e*]
—————|Tro> (54)
{k’ & vk

where T is the leading-order amplitude for the elastic
IBD. This factorization reflects the universal and model-
independent nature of soft-photon emission. The corre-
sponding contribution to the bremsstrahlung cross section

|
do”

wft 1S given by

ly _
do-soft -

25,010, (55)
VA

with  the soft-photon  correction

[158,219,220,270-273],

factor &

42 1 1+p p(1+p)

Here, f is the velocity defined as

m

p=\1-% (57)

and p = /1 — p*. The quantity E denotes the relevant
energy, either the positron energy E, or the total electro-
magnetic energy Egy = E, + E,, depending on the
observable under consideration. As expected from the
Kinoshita-Lee-Nauenberg theorem [274-277], the infrared
divergence associated with soft-photon emission cancels
exactly when combined with the virtual correction.
Consequently, the sum o, + , is finite and independent
of the fictitious photon mass 4, used as an IR regulator.

The radiation of multiple soft photons can be accounted
for by factorizing the cross section into the soft and hard
[273] or soft, collinear, and hard contributions [219,220]
and exploiting our exact results from Sec. III for the hard
function.

C. Triple-differential distribution in positron energy,
positron angle, and photon energy

We compute the bremsstrahlung cross section for pho-
tons with energy E, > ¢, using the integration technique
introduced in Ref. [159]. To describe the angular distribu-
tion of the positron in the presence of radiation, we define
the four-vector /,

I=p+k—K= (. (58)

with components in the laboratory frame,
ly=m,+E; —E,, (59)
12 =|fI> = EL + PPE% — 2pE; E, cosf,,  (60)

where the positron scattering angle 6, in the radiative
process differs from the scattering angle ®, defined in the
elastic case [cf. Eq. (11)].

After performing the relevant phase-space integrations,
the triple-differential cross section in the positron energy,
positron angle, and photon energy can be expressed as

a
do'? =— G|Vl (¥ (9} +3) +¢2(6y —3) D (61)

where the structure-independent coefficients ¢3¢ are

given by

204 2
p [ m,oE
Cid = d%/; 2 (Ee + Ey)
frm, 5 oy EetE,
+ ((E.+ E,)* + E7) — . (62)
Vae, " 2E,
3 p2f4m§6Er_ f*m, E,+E,
— 2d3/2Eﬁe 2\/3E5e Ee
E, —-FE,—FE
x(m%—mnEo—l-mp(E,-,p—Ee—Ey))—I-%
Ve
+ﬂ(((b‘- —-E,)?—f*)E,+ml(2E,~E,))
4\/3E,;8Ee U, e e e y e
E, —E,)?—f>—m?
_( U e) f e’ (63)
8ED€E7

and the auxiliary kinematic functions are defined as

o= p(E%e —fP—E2+m2) (P> -m2 - 2E,ly) + 4Eym€f2,

(64)
d = PmE2 (P = m3)(P = m} = 4LoE,) + 4E3P)
x sin® @, + %2, (65)
with the phase-space factor D,,,
B df (66)
n E, E

The presence of a photon with energy E, > ¢, increases
the reaction threshold to E,}-:;‘hr,
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y.thr
Eze =

2mp<

(my £ me)? my

——L2 > Eir, (67)

> £
_2) 2
m,

The physical phase space for radiative events with hard photons includes both the following region inherent to the elastic

process for arbitrary antineutrino energy above the threshold Ej; > nghr,

Ep" < E, < EF (68)

2,
<s(1 —FE;) —m? —|—m§)(mp +E;, -

&) — (Es, + ey>\/z(s(1 —fn—j),mz,mz)

Erenin — , (69)
2s(1-32)
<s<1 —%) -m3+ m%) (m, +E; —¢,)+ (E, +£y)\/2<s(1 —ify)m%mﬁ)
Em - , (70)
2s(1 —m—’)
P
|
—e k=
E, —PE, < f<\/(lo—¢) —m;—¢, (71) 14 2( (lo —&,)* —my 57) . <E (78)
— }/’

> — m? > —m?
7’75E 57"’
20+ T2~ f)

and an additional region not accessible in the elastic
process and without constraints on the variable f,

(72)

m, < E, < E™in, (73)

Eie _ﬂEe < f < Eﬂe +ﬂEe’ (74)
12 2 12 2

M g g - T (75)

2l +f) 7 T T 20— f)

2 \m,—m,=2¢,

which opens for E; > E] =] ( 4o, — mp> >

E,};';thr. For small cutoff values &,, we find numerically £} ~
1.806067 MeV and EL™ ~ E¥* ~ 1.806066 MeV.

For practical applications, we also present the integration
regions after change of variables f and E,. The region of
Egs. (71) and (72) corresponds to

(m, +2E; )(m, +2E; —2E,)— m2 + m?2

ye

2(m, +2E; —+/E:—m; —E,)
—2E ) — 2+ 2
SE;, <E, +mp(mp e) my me’ (76)
2(m, +/E2—mZ—E,)

Eie _ﬁEe < f < (10 - E;/)2 - m% + Eyv (77)

Y
lO - ( (IO - 87)2 - m%l - gy)

_E +<mp+2E;€)(mp+2ED€—2Ee)_m3+mg>E
2my +2E; = VEE-mi-E)

(79)
JUo=E) —m2—E < f <\/(o—E)2 ~m} +E,.
(80)

2( (lo—ey)z—m%—sy)
e, <E,<|1+ € (81)

y’
o= (/o -2 ~m2—¢,)
\(o—E) —m2—E, <f<+\/(lp—¢) —mi —¢,.

(82)

While the region of Egs. (74) and (75) corresponds to
E, < E, (83)

m,(m, —2E,) — my + m;

E, + <E, <E,
2(mp— E%—m%—Ee>

y IJ(‘?

m,(m, —2E,) — my + m

2<mp +VE:—m? —Ee)

(84)
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Ez'/e _ﬁEe < f < (IO - Ey)2 - m% + Ey’ (85)

(m, +2E; )(m, + 2E, —2E,) —m3 + m?

—E; +
Z(mp—|—2E,;£ - E%—m%—Ee)

m,(m, —2E,) — my + m;

S E;/ S Ef/e + k] (86)
2(m,7 —VE:—m2 - Ee)
EDK _ﬂEe < f < EDK +ﬂEe’ (87)
2E; 2E, —2E,) —m> 2
p, 4 (et 2B )omy 265, 2B = mi bt
Z(mp +2E;, + VE: —m; — Ee>
(88)

(m, +2E; )(m, +2E, —2E,) —mj + m? S

-E; + S E,
2(mp +2E; - E2—m?— Ee>
(89)
(lO - E},)Z — m}% — E}' S f S EI?(, _i_ﬁEe’ (90)
and
Ee > E, (91)
E. (m, +2E; )(m, +2E; —2E,) —mj + m?
: 2(mp+2EDe— E%—m%—Ee)
—2E,) — m? 2
<E <E, + mp(m,, e) — my, + m; o2)

2(m, +\/E; —m; — E,) ’

Eﬂc _ﬂEe < f < (10 - E7>2 - m% + Ew (93)

—2E,) —m? 2
5, mP<mP e) m, + ng < Ey’ (94)
2(mp —E:—m2 - Ee>
2E; 2E, —2E,) —m> 2
_p, (ot 285 ony + 265, ~260) i
‘ 2(mp+2E,—,E— Eg—mg—Ee>
(95)
\/ (IO_E}/>2_m%_E}/ st \/ (IO_Ey)Z_m%z+Eyv
(96)

(m, +2E; )(m, + 2E, —2E,) —mj + m?

~E; +
Z(mp +2E;, + EZ—m?— Ee)

m,(m, —2E,) — m% + m?

<E;, +
2<m,,— Eg—mf—Ee)

14 e

, (97)

(ZO_E}/)Z_m%t_E}/ SfSEDe +ﬂEe’ (98)

> S B
with Eg = %EEC (1 + mp(mp-&-r;;E;e)—mﬁ) - r12+Ebe X
(1 + 5w
my,(m,+2E;,)—mj3 )

We retain the dependence on the unphysical regulator ¢,,
which is essential for the accurate evaluation of the positron
energy spectrum in Sec. IVG and for computing the
averaged positron scattering angle in Sec. VC. The
phase-space region defined by Eqgs. (68)—(72) corresponds
to region I in Sec. IVG 1.

In the radiative IBD process, the photon energy range is
narrow. The photon energy E, can be estimated in the no-
recoil approximation as

E2 —m?+ E; E,

mﬂ
EDZ E% - m%
Ol =) (99)

with an accuracy only of the order of the elastic IBD energy
range in Egs. (5)-(8), i.e., below 100 keV for the whole
range of reactor antineutrino energies.

Finally, to obtain the distribution with respect to the
neutron energy E, instead of the photon energy E,, we
perform the substitution E, — [, — E, in Egs. (62), (63),
and (66), and replace dE, — dE,, in Eq. (66), accordingly.

E,=E, —E,—Ey~

D. Triple-differential distribution in neutron energy,
neutron angle, and photon energy

We evaluate the bremsstrahlung cross section with
respect to the neutron energy, equivalently to the sum of
positron and photon energies, considering the final neutron
energy spectrum instead of the positron energy spectrum
[159]. For the fixed antineutrino energy, the total electro-
magnetic energy, defined as the sum of the positron and
photon energies, Egyi: Egy = E, + E, = m, + E; — E,,
is fully determined by the neutron recoil energy. The
corresponding distributions can be obtained by expressing
E, in terms of Egy and changing the measure as
dE, = —dEgy. To study angular distributions of the
neutron, we introduce the four-vector 7,

T=k+p—p = (o J) (100)
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where the components in the laboratory frame are The triple-differential distribution in the neutron energy,
neutron angle, and photon energy is obtained by modifying
To = Epn, (101)  the kinematic coefficients ¢} in Eq. (61) to their neutron-
based counterparts &}¢ as ¢3¢ — &}, with the explicit
_ - expressions
P2 =P = E. + E} — m} = 2§,E; E, cos6,. (102)
23+ E2 2EL P ]
~3d __ <%0 Y 740 0
~ : m? R (P — m2)? 2E,’ (103)
with the neutron velocity f, = -5 ¢ e v
o BBk (BomdOR-m)E, b Ba2P-m\_ P
B 8}‘2 (22 — mg)z El_/t, El_/c 2El_/(,E}/ 16El_/pE}/ 4El_’e
~ 2 ~ ~ ~
m2 1E_§+ E, il I5—"\ 10(2E;, —1y) + m2 E, 1y -2E; E]
P—mz \2f*  4E;, P —m; P—mg  8E,  4E, [
+m,,E0—nf,,En+m%,—m§ A 1?_% E, 32%—5m§_ E, +7_0 n E,
lz - mg 2EDe fz 4El_’e l2 - mg 4E17€ EDe 8El_/g
210E; — (Iy— E;,)(Ip — E
| ok, (lo — Eg,)(lp — m,,) +m, 0 (104)
8E; E,
The corresponding phase-space measure D,, in Eq. (66) becomes
y dE, df
p, =" 4 4 (105)

" 7 E,E

The physically allowed integration region for hard-photon radiation £, > ¢, consists of the following region inherent to
the elastic process:

E?in < En < Eglax’ (106)

<s(1 —iﬁ) —m?2 +m%> (m, +E; —e,)— (E, +€7)\/Z<s<1 —if’),m%,m%)

fmin - : (107)
2s(1 —m—’)
P
<s(1 —fni;) - m2+ m%,) (m, +E; —¢,)+ (E;, +ey)\/2<s(1 —if;)m%mg)
B = o 7 (108)
2s(1-37)
|EDE _ﬁnEn| < f < (lo - 8},)2 - m% — &, (109)
2 m2 2—m?
T <E, <o (110)

20l + )7 " T 20 = 1)

This integration region corresponds to the region I in Sec. IV H. We retain the full dependence on the infrared cutoff
parameter ¢,, essential for constructing the complete electromagnetic energy spectrum discussed in Sec. IV H.

Notably, just as IBD exhibits two distinct regions in the positron energy and one in the electromagnetic energy, elastic
(anti)neutrino-electron scattering features one region in the electron energy and two in the electromagnetic energy. This
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analogy arises due to the large mass hierarchy between the
positron and nucleon, similar to the neutrino-electron mass
difference in elastic (anti)neutrino-electron scattering
[82,83,271,273].

Finally, to obtain the distribution in the positron energy
E, instead of the photon energy E,, we can substitute £, —
Iy — E, in Egs. (103) and (104) and replace dE, with dE,
in Eq. (105).

E. Double-differential distribution in positron energy
and positron angle

By integrating the triple-differential cross section in
Eq. (61) over the photon energy E,, we obtain the
double-differential cross section with respect to the recoil
positron energy and its scattering angle. This result can be
obtained by the following substitution in the kinematic
structure of Eq. (61),

m, 144 o+ f
D, - L\ a; —|—bln +c¢;ln
m ( 1-p lo—f
o —
+dln —hreoso =g\ A
—pfcosé+ /9] Ej,
1+p df?
-2 1_71 — | MOdE, -——, 111
(1= 2p)etoae L

where g is defined as g = (f cosé — ply)* + p*f?sin’ 4,
and the angle 6 between vectors f‘ and k' is defined as

B -
26E.f

cosd = (112)

The kinematic factors ¢1© in Eq. (111) represent the

leading-order (LO) kinematic factors from the 2 — 2 elastic
scattering process in Eq. (16),

m,,E

o = B (113)
my (Eg, — E.)* = f* = m?
k0 = 7” B (114)

The coefficients a;, b;, ¢;, and d; are given by

_ ,f Blo=fcoss f f f- Plycosd > —m?
ap = \/_ NG +E\/_ Nz 2
(115)
b, =0, (116)

1
=—— 117
C+ 2’ ( )
J _i_gfﬁlo—fcosﬁﬂ—m
* Vi 4E, /g g
[ o
+2£];f gocosm, (118)
e VI o9
(1 ﬂm,,(ﬂlo—fcosé) P —m?
“-=\2 29 2P
fmpf—/}locoscSlz—m% f
e 119
Ty E, 22 | E, (119)
L f
-1 12
b- ABE, (120)
E, — FE
e 121
=t (121
Ey—m E;
d =—27 ++LM (122)
2E;, N 4E17€Ee

F. Double-differential distribution in neutron energy
and neutron angle

To obtain the double-differential cross section with
respect to the neutron energy E, and its scattering angle,
we integrate the triple-differential expression in Eq. (61),
with the neutron-specific coefficients from Egs. (103) and
(104) and the phase-space factor D,, from Eq. (105), over
the photon energy E,. This integration results in the
following substitution in Eq. (61):

4, - "2 (a1 &1n h+7 —de,,,
4 Iy — E—

(123)

where the coefficients &; and ¢; describe the bremsstrah-
lung contributions to the neutron kinematic distribution and
are given by

5 m% 1 mg 7 P ﬁo
“*"(z—z(”zﬂ 1) Vo) T 029
212
o 742 - m% (125)
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by P 2myE, —mi—mp 3PP+ m)’ + 4(0GF + mef?) (I — me) — 4117 (P + me)

+ _ — , 126

7 STE, PP = md) (126)

~ 1 j-Z lio(mp _El_/g) +mnE0 _mpEDe —m% E%l _Ezg/e _m%lz(z)_m% ZO (127)
R VY R P —m AP P—m2)E,

G. Positron energy spectrum

In addition to the soft-photon correction, the factorizable
terms from Eq. (54) contribute to the positron energy
spectrum in the regime of hard photon emission with
E, > ¢,. The notations and integration regions used in
the spectrum evaluation were introduced in Sec. IV C. Above
the minimum positron energy allowed by elastic inverse beta
decay kinematics, E, > E™" we directly apply the integration
techniques developed in Ref. [159] to compute the positron
energy spectrum. Below this threshold, the photon energy is
bounded from below as E, > E™" — E,, and there is no
corresponding elastic process and no contribution from soft
photons. We consider these kinematic regions separately in
Secs. IVG 1 and IVG2.

1. Above positron lowest energy in elastic IBD

In the region where the positron energy is above
the minimum value allowed in elastic inverse beta

1 —pp,cosd

decay, E, > EMn - radiative corrections modify lead-
ing-order IBD cross section. The soft-photon region
with E, <&, contributes according to Egs. (55) and
(56). For the radiation of hard photons with E, > ¢,
from Eq. (54), we divide the phase space into two
regions:
(1) Region I: > —m} > 2¢,(Iy + f). Here, the photon
phase-space integration is unrestricted.
(2) Region II: > — m}, < 2¢,(ly + f), where the photon
angle is constrained as

1 I’ —m;
cosy > 7 <lo - 2€mn>’ (128)
v

where y is the angle between the vectors ]7 and lzy. This
region corresponds to elastic kinematics. The brems-
strahlung correction from region II is given by

1 L= BBucosé + /(1= Bp, cos )’ — p’pi

Sy = —1
2\/(1 _ﬂﬁn COS(S)Z _pngl 1 _ﬂﬂn Coso — \/(1 _ﬂﬂn 0055)2 _,02/7%
1 148, 1. 1+p 1. 280+8,) , 1+p 1+8,
25, 1= p, 2 T=p B (1 teoss) "T—p T,
oy . (1+018)p,(1 —cosd)
o1 , 129
+61,522:i1ﬁL12 ﬁ_ﬂn0085+02\/(1_ﬂﬂncosa)z_pzp%] ( )

with p, = 7= and 8, = \/1 — p2. The angle & is defined
in Eq. (112).

The bremsstrahlung contribution from region I, dolly,
cancels the Ine, divergence arising in the soft-photon
correction. It consists of a factorizable part 6; and a

. . 1
nonfactorizable remainder doy X,
y @ 1y
dGI = ;51d6L0 + do—l,NF'

(130)

The factorizable correction J; originates from factorizable
terms in Eq. (54) and is given by

B 1 14§
51—2<1—ﬁ1n1_ﬂ> In

2(lg+/IF—m3)e,

l(z) - (ED‘, _ﬁEe)z - m%l '

(131)

The contributions from regions I and II are combined
later with the remaining piece from terms beyond Eq. (54)
into the contribution from hard photons da]%. Integrating
the positron angle and positron energy distribution over the
variable f, equivalent to the positron scattering angle 6,, we
obtain the total hard-photon contribution in the following
form:

a
doiy = —(81+ 8u +6,)doro + doyp.  (132)
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In the first term, the cross section of the elastic process is

D, =1 138
expressed as a function of the positron energy. Another + ’ (138)
factorizable correction 6, is given by E.—1, (139)
§y:lL' _ 1 2 F,. =0, (140)
x/T 2 \/—
D [A4msg Vs o BomhoE PR B 0w
) A (133) N 8E? E; 2E2
261::t1 mg Ve Ve Ve
(141)
with A = m,E; —m,Ey and £ = X(s, m3, m%). The non-
factorizable contribution daNF to the positron energy p _ p-2 E, Q* +m; _S— 2E,(lg+ E,) = my +mg
spectrum is given by the following substitutions in Eq. (61): - 4 E;,  2PE; 8PEZ. ’
. e (142)
4D, 2 [ 4, + B;In +'B+C,In2_( Al 6)2 ,
1=p " R (B, + BE) o _m
= (143)
D £ 8E7,
—l, —=1+F;5, |dE,, 134
+ 2 1 2 2 + i y> e ( ) Ee _El_/
D_ <, (144)
2E;,
where the coefficients A,,B.,C,,D,,E., and F, can be
expressed as m,
145
= (145)
AL =0, (135)
2
m,
B. =0, (136) Fo= 2B (146)
¢, =0, (137) The combinations of logarithms /; and [, are given by
|
VE= lo =/ —m? L Eo = PE. 1 5, —PE.) 1y l—(E;, —PE,)?
- 0ml my, fﬂlno—'—( ﬂ)+010 (e2ﬁ), (147)
EDE l() + 12 — m,, EDE (E - ﬂE ) De my
m2 1y s+m2—2E(ly+E,-pE;) A hy+E, T—-4A+m2)?
I, = 5——In > 5 In 7}
—mg Ep, m; s—m, Ep 4my
_l%—s—m§£1n2—4(5—l—m?)2 s —m2 —m?2 s—m?lrl LS VI=p
s—m2 E; 4m?2s s —m? s mem, \/T+f
m?,—l—m%—Zml,Eel . s JT=p | m, T+ p Ee1 T —4(A +m2)?
n|l- -— - n
2mykE;, mem, /1 + my /1 —=p 2E;, 4m?
+<s—m%E m, ) (\/_ 2m,\/5)* — 4(A + m2)? s—mglo—i—Eeln\/f—ZA
2m/SE;, 52E; ) (VE+2m,\/5): — 4(A + m2)>? s Ej, 2m?
N l n 16m0 4 A + m? ly+ E, s (A +m2)(2A + m?) + (A —m2)s I,
2E;,  s(VE-2A)* VE+2(A+m) Ep VE(VE+2(A + m2)) E;,
N s —m?2 VEZ-2A1,+E, s+m:+2A I,+2F, \/_+2A (148)
VE+2A+m?) VI E, VI+2A+md) Ej \/_ 2A
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Consequently, the complete positron energy spectrum in
IBD with reactor antineutrinos at subpermille precision is
given by

a
donio + dojly = |1 +;(5U + 8, + 8 + 6y +6,)

1
X dGLO + dGL'.NF + dUNyF + darecoil

+ dawm + dGFF’ (149)
and does not depend on the unphysical parameters &
and 4,.

As in elastic (anti)neutrino-electron scattering and other
QED and QCD processes, the full radiative correction to
the cross section is free from Sudakov double logarithms
[278,279]. This cancellation becomes evident in the high-
energy limit f — 1, where the individual contributions
behave as

4

1 2 1 2
6% = (=B 6 = (1=p)

1
51 ~ —11’12

=), (150)

The sum of these contributions ensures the cancellation
of the double-logarithmic terms, leaving only single log-
arithms in the positron mass. This collinear behavior
is consistent with findings in other charged-lepton
spectra arising from (anti)neutrino-induced processes
[94,155,273,280,281] and in high-energy (anti)neutrino-
nucleon scattering [219,220].

At the production threshold in exactly forward kinemat-
ics, when the outgoing neutron is at rest with E,, — m,,, the
positron energy spectrum simplifies. In this limit, it reduces
to the sum of the leading-order result and the nonfactor-
izable vertex correction, as well as recoil, weak magnetism,
and nucleon radii contributions,

1
doyio + dof, P donLo — dog +do, N
e e

+ d6recoit + Aoy + dogg. (151)
This result represents a universal threshold behavior for the
positron and electromagnetic energy spectra.

Near the endpoint of the elastic IBD kinematics, just
below the maximum positron energy, the positron energy
spectrum exhibits the logarithmic enhancement governed
by infrared dynamics,

dallj) a2<1 l1 1+ﬁ>1 (lO+Vl(2)_m%l)m
- -— n
l —(E,;e—ﬁEe)z—mﬁ’
(152)

as determined by the infrared logarithms in Egs. (41)
and (56).

2. Below positron lowest energy in elastic IBD

In the region where the positron energy is below the
minimum value allowed in elastic inverse beta decay,
E, < E™" the elastic channel is kinematically forbidden.
Consequently, the photon must carry sufficient energy to
satisfy energy conservation, such that £, > EMn — E,. This
lower bound on the photon energy ensures that no infrared
divergence arises in this kinematic regime, eliminating the
need for IR regularization. The positron energy spectrum
below the energy E™" can be decomposed into factorizable
and nonfactorizable contributions,

do?, = %(51 +6,)doo + doll. (153)
The factorizable term §; arises from IR-sensitive contribu-
tions to the soft-photon bremsstrahlung amplitude in
Eq. (54),

_ 1+p (E;, + BE,)* — m?
5‘_2< _ﬁl l—ﬂ)mlé—(Ep - BE,)* -

The remaining factorizable contribution §, is given by

(154)

5, =i, SVI=F 1y sVl
},— 1 p \/— 3 lzm \/—
. my, vIi+p 1 . m, V1
L m\/T 3 m\/— (155)

The nonfactorizable contribution dall\}’F to the positron
energy spectrum is obtained by the following substitutions
in Eq. (61):

1(2) - (EDE _;BnEn)2
l(z) - (EDg +ﬂnEn)2

+ﬂ+Clln

1-p

¥, —>—<A +B;In

(156)

D;, E
+7[1 —712 +F,-(S},>dEe,

where the coefficients A, B,,C., D4, E., and F_ can be
expressed as

A, =0, (157)
B, =0, (158)
C. =0, (159)
D, =1, (160)
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E =1, (161)
F, =0, (162)
_3PE,
_= , 163
5 (163)
3E
B_=--%, 164
ZED(/ ( )
2
m
—, 165
8EZ (165)
p.=Le—tn (166)
T 2E,
m
E_ L, 167
2
m
= 168
2E2 (168)
The logarithmic terms /; and [, are defined as
o _Es, +PE. lo—E; —PE. _E; ~PE,
= El_/e nlO+E +ﬂE El_/é,
lo—E; +PE, 1 E, —pE,)?
—'B +%1n %’ (169)
lO+E —-pE, E I5—(E;, +PE,)
I m2 Iy s+mi—-2E,(ly+E,—pE;)
= —1In
P s—mlE, s+ mi=2E(ly+E, +pE;)
s VI
s —m2 —m? Moy J14f
In
s s 148
memp l—ﬂ
s—mﬁ—m%m%-l-m%—zmpEe
+
s —m?> 2m,Ey,
s \/l—ﬂl_ﬂ\/l-‘rﬂ
x In rvih . VI . (170)
./1+ 1+
RN A

As expected, the positron energy spectrum vanishes in
the f — 0 limit and remains finite near the kinematic
threshold E, < E™". In this region, the spectrum exhibits a
logarithmic enhancement in the positron mass, consistent
with general features of radiative charged-lepton spectra.
The positron energy spectrum has the following logarith-
mic behavior just below the lowest positron energy in the
elastic IBD kinematics:

1 1+p\ . I5—(E;, +PE.) —m;
2 1——In In ¢
T 26 1=p) 5= (E;, —PE.)* -

(171)
in accordance with the infrared logarithms identified in
Egs. (41) and (56).

ly
d"Lo

do LO

H. Electromagnetic and neutron energy spectra

To compute the electromagnetic energy spectrum, we
adopt the notations and integration domains introduced in
Sec. IV D. The relevant phase space of hard photons with
E, > &, is split into two regions, following the approach in
Sec. IVG 1,

(1) Region I: 1> —m? > 28},(70 + f). Here, the photon

phase-space integration is unrestricted.

(2) Region II: 7 — m2 < 2e, (Iy — f), where the photon

angle is constrained.

The allowed emission angle 7 between f and the photon
momentum k, must satisfy

cos~>17 72—m5
}/_? 0 2¢, )’

The correction factor from region II, denoted dy;, matches
that of elastic (anti)neutrino-electron scattering,

B 1+p\ 1+p
611——<1 _ﬁ —> lnm

1-p
Here f depends on the total electromagnetic energy
[cf. Eq. (57)].

As for the positron energy spectrum, the bremsstrahlung
contribution from region I can be separated into factoriz-
able and nonfactorizable parts. The factorizable correction
op is obtained from the factorizable terms in the soft-photon
bremsstrahlung amplitude in Eq. (54),

(172)

(173)

N 2m,
5122( +ﬁ)ln S Ty
2,5 B) Egm— (E;, =Py

En)2 - mg '
(174)

Combining the remaining nonfactorizable piece from terms
beyond Eq. (54) with the contribution from regions I and II

gives the full hard photon correction dallfo,
a
doyly = p (8 + 6y + 6,)doro + doyr,  (175)

where doj g is the elastic cross section expressed in terms of
the neutron energy and 4,,
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2Egy (1 3 Egm + 02(E; —BLE,) (1 7
5= > ThLip | M <—+ﬁ> —1]— 3o g, | orlBy, = f )< +ﬁ>

oy==+1 'B e 1 _'B 61,6,==+1 'B me 1 _’B
11 EIZ-EM - (Ef/e _ﬂnEn)z EIZEM - (EEK _ﬁnEn)z - m(% 1 +/)7 : 1 1 +ﬂ

——1n n
p 4mg Egy —mg 1-p 1-p
1 E +ED - rLEn E, + El‘/ - nEn

_ L Bem t Es = PuEn PR + By, = PuEn (176)
:B EEM - Eﬂe +ﬂnEn ﬂEEM - Ez'/g +ﬁnEn

The nonfactorizable contribution doll\}’F to the electromagnetic energy spectrum in Eq. (175) is given by the following

substitutions in Eq. (61):

-1 EXy— (E; —B.E,)* -  Egm+E, —pB,E
cHp,, — 2 (a,- +b;In R ¢, In—M ( be PrEn) +d;In—M Tk P ”>dEEM, (177)
T 1 _:B nmy EEM _EDF +ﬂnEn
|
::;here the coefficients @, b, ¢, and d can be expressed donio + da&) N [1 " g (8, + 5, + 61 + 6 + 5}/)]
£ 2 x doy o + do, Np + Aoy + doecoi
— EM e
= - 1-— , 178
“ = TaE, ( Ey — (E, —ﬁ,,En>2> 1) Aoy + doge, (186)
E and is manifestly independent of the unphysical parameters
b, = ;M (179) &, and A,.
Ve At the production threshold in forward kinematics, when
Eeu Epm — W —m,, the electromagnetic energy spec-
P
€+ = 4E. (180) trum coincides with the positron energy spectrum
v [see Eq. (151)].
. -0, (181) As for the positron energy spectrum above the lowest

_ my
a_ = 1 - 2 2
EEM - (EEK _ﬂnEn)
E; —my — ERy = (Ey, — Epw)’ + (B, — BuEn)’?

X
16E2
Eiv — (E; —p,E,)* —m?
+ EM ( ue4E2ﬂn n) me7 (182)
De
_ E | —BE2—m2—E2 —E%\, +m?
b_:— EM+ ﬁ n n ”ez EM E’ (183)
2E, P 4EZ
o Eﬁ—m%—Ei_EéM A‘f'mpEEM 184
-7 AEZ ~ e U8
5 EEM
d_= ) (185)
2ED(

The full electromagnetic energy spectrum, accurate to
subpermille precision, for IBD with reactor antineutrinos is
given by

energy of the elastic IBD, individual corrections exhibit
Sudakov-type double logarithms,

1 1
6”/;_>1 4ln (1=p), 5S/3—»1 4ln (1=p),

(187)

but the complete electromagnetic energy spectrum is free
from these logarithms [278] and is free from positron-mass
singularities as an infrared-safe observable [274-276,279],
after specifying the renormalization scale y in Eq. (41)
independent of the positron mass. Note that the relativistic
form factor f; has a twice as large coefficient in front of

ln”:—:2 compared to Eq. (41), while both relativistic and

nonrelativistic form factors have the same collinear behav-
ior, i.e., the same Inm, dependence in the limit m, — 0 in
Eq. (41), as it was observed at higher antineutrino
energies in Refs. [219,220] and in the static limit in
Refs. [80,81,85,98,104,106,219,220].

Finally, the electromagnetic energy spectrum has the
following logarithmic behavior near endpoints of the elastic
IBD kinematics:
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d"Lo a (1__1 1+p m?

1
doro 7\ 28 —ﬂ) "By~ (E;, P,

}’l) 6’
(188)

consistent with expectations from infrared logarithms in
Egs. (41) and (56). This logarithmic enhancement is not
captured by the “static limit” approximation of the radiative
phase space in Refs. [80,81,85,98,104,106,219,220].

I. Electromagnetic energy spectrum in
static limit

In this section, we present analytic expressions for the
electromagnetic energy spectrum from Refs. [104,106],
obtained by performing the phase-space integration in the
static limit. The resulting electromagnetic energy spectrum
in the unpolarized IBD can be expressed in terms of two
functions of the velocity f that depends on the total
electromagnetic energy, cf. Eq. (57), as

dowio +dap _ [}, @ “ oo, a, GhlVul’
dEEM dEEM T VA
m; + Q*
X —gg (381 =&)(gy —gi).  (189)
with the angle-independent “outer” correction J;:
3@ 7 T+3p 1 1
0 *1%+++ﬁ1j+2171j
1-5 1 4 2
xIn 2ﬂ —5n J—*Liz—ﬁ, (190)
5=  p BB T1+p

which modifies the ®,-independent terms in Eq. (20), and
the angle-dependent “outer” correction &,,

2 — /1 =3 —
52:§ln%+1+21 ﬂ; ﬂ+14ﬂ4ﬂlnii_§
=4 e 4 VISP
1657 -5 B VTP
+2<1_i1n1+ﬂ>1n L+ pVIFB+VI=p
%" 1=5) "2 Vit VIiop|
(191)

which modifies the terms with cos®, in Eq. (20). The
angle-independent “outer” correction can be equivalently
written as [220] after removing Coulomb corrections

and accounting for the difference in renormalization
schemes,

3 T —16ﬂ+3ﬂ2 LEp

51_Zlm_g+§ 8 "5
1 14+p\, 1+p 4 . 1-p 27°
BT >17+31 753
(192)

V. RESULTS AND DISCUSSION

In this section, we present our main results and discuss
their relevance for inverse beta decay, particularly in the
context of reactor antineutrino experiments. In Sec. VA, we
verify the consistency between the positron and neutron
energy distributions and provide a detailed evaluation of the
total IBD cross section as a function of the antineutrino
energy, including a comprehensive uncertainty analysis. In
Sec. VB, we explore the effects of radiative corrections
on the positron and electromagnetic energy spectra and
present results for the corresponding averaged energies.
Section V C examines modifications to the positron scat-
tering angle due to radiative effects. In Sec. VD, we
quantify radiative effects on the reconstruction of the
antineutrino energy in liquid scintillators. Beyond the
Standard Model implications are considered in Sec. V E.
In Sec. VF, we extend our results to the case of charged-
current neutrino-neutron elastic scattering, verify electron
and neutrino energy spectra in the neutron decay, and
update QED radiative corrections to the neutron lifetime
and beta asymmetry. Finally, we compare our findings to
previous results in the literature in Sec. V G.

A. Total cross section: Energy dependence and
uncertainties

The total cross section is obtained by integrating the
electromagnetic energy spectrum presented in Sec. IV H
over the full kinematic range permitted by the elastic
inverse beta decay process. This result is fully consistent
with the sum of two contributions: the integral of the
positron energy spectrum from Sec. IV G | over the elastic
IBD kinematics and the integral of the pure radiative
contribution from Sec. IV G 2, spanning from the positron
mass up to the lowest positron energy allowed in elastic
IBD. Applying the radiative correction o, of Eq. (190) to
the total cross section instead introduces differences at
1%0 — 2%0 level compared to the integration based on
Eq. (189) and deviates from the result based on
Secs. IVH, IVG1, and IVG2 by less than 1% at
antineutrino beam energies above Ej; X 2.7 MeV. We
illustrate the difference in the total unpolarized IBD cross
section between the application of the multiplicative factor
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FIG. 4. Difference in radiative correction to the total unpolar-
ized cross section between results from this paper and the
application of the multiplicative factor ¢4, is shown as a function
of the antineutrino beam energy Ej; . The width of the curve
corresponds to the allowed range of the recoil positron energy in
the radiation-free IBD.

and the calculation of this paper as a function of the
antineutrino energy Ej_ in Fig. 4.

To illustrate the contributions to the uncertainty of the
total unpolarized IBD cross section, we provide benchmark
values of the IBD cross section at antineutrino energies
E; =3 MeV and E;, =5 MeV, *

o(E;, =3 MeV) = [0.266664 x 1042 cm?][1+0.00171,
+0.00064y,,40.00004,, 0.00001 2],

(193)

o(E;, =5 MeV) = [1.28688 x 10~ cm?][1+0.00171,
+0.00064y,, £0.00004,, +0.00004,: .
(194)

The relative uncertainty from the CKM matrix element
V ,.a 1 constant across all energies. Uncertainties from the
axial-vector-to-vector coupling constant ratio 1 and the
vector coupling constant gy, are also nearly energy-
independent. In contrast, the contribution from the squared
nucleon axial-vector radius r3 increases with energy. The
results above are based on the PDG value for the axial-
vector-to-vector coupling constant ratio 4 [190-193]. If
instead we use the more precise measurement from the
PERKEO-III experiment [194,195] rather than the PDG-
suggested value, the uncertainty from A is reduced by a
factor of 2.3, without shifting the central value beyond the
quoted 1o band. The relative uncertainty from higher-order
perturbative contributions for these two energies is negli-

gibly small <107,

$Contributions from the pseudoscalar interaction and unac-
counted higher-order effects could shift the last significant digit
of these values.

QED radiative corrections decrease the total cross
section by 1.3% and 1.6% at energies E; =3 MeV and
E; =5 MeV, respectively. Including QCD and electro-
weak effects, estimated here as the difference to the gy = 1
limit, the total suppression decreases to 0.4% and 0.8%,
respectively. The dominant sources of theoretical uncer-
tainty are the axial-vector-to-vector coupling constant ratio
A and the CKM matrix element V.

In the following, we discuss cross sections as functions
of antineutrino energy and compare our results with
existing ones. We illustrate the total IBD cross section
as a function of the incoming antineutrino energy Ej_in the
left panel in Fig. 5 and compare our result to the
cross-section parameterization in Ref. [99] and previous
calculations incorporating radiative corrections from
Refs. [93,98,99,101] and Refs. [81,90,104,106]. Besides
the latest compilation of radiative corrections from
Refs. [81,90,104,106], cf. Sec. IV I for details, at antineu-
trino energies 2.0 MeV S E; <7.5 MeV, none of the
prior predictions fall within our estimated uncertainty band,
primarily due to incomplete treatment of all contributions
to radiative corrections. Our cross sections are above the
results in Ref. [99] but remain below the values obtained
using parametrizations of QED, QCD, and electroweak
corrections in Refs. [93,98,99,101], as well as results of
Refs. [81,90,104,106]. We also present the relative uncer-
tainty of the total cross section in the right panel in Fig. 5.
The relative cross-section uncertainty is nearly flat across
the entire energy range and is well approximated by a
constant value of 1.85%.

B. Positron, electromagnetic, and
neutron energies

We investigate the impact of radiative corrections on the
positron and electromagnetic energy spectra in inverse beta
decay for fixed incoming antineutrino energies of 2, 5, and
10 MeV. In Fig. 6, we present these effects as ratios of the
corrected spectra to the corresponding spectra at leading
order, which include recoil, weak magnetism, and nucleon
radii corrections. For comparison, we also show the
predictions for the electromagnetic energy spectrum avail-
able in the literature in Refs. [81,90,104,106], described in
Sec. IV I and denoted as the “static limit.”

We separate the contributions from the elastic IBD
kinematics and the purely radiative region and illustrate
them in the right and left panels, respectively. The positron
spectra are normalized to the leading-order cross section
evaluated at positron energies outside the elastic kinematic
range. The spectral distortion in the electromagnetic, or
neutron, energy is generally flat but displays logarithmic
features near the endpoints of the elastic IBD kinematics. In
contrast, the positron energy spectrum shows more varia-
tion across its energy range and exhibits logarithmic
behavior below the kinematic endpoints.
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FIG.5. Total IBD cross section is shown as a function of the antineutrino beam energy Ej, in the left panel. Our result is compared to the cross-section
parametrization in Ref. [99], labeled as “Strumia 2003”; the treatment of radiative corrections in Ref. [98] as explained in Refs. [93,99], labeled as
“Kurylov 2002”; and radiative corrections from Refs. [81,90,104,106], described in Sec. IV I and labeled as “Raha 2011.” The relative uncertainty of the
total cross section, dominated by A and V, is illustrated in the right panel.
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FIG. 6. Effects from radiative corrections on the positron and electromagnetic energy spectra in IBD are presented as a function of the positron or
electromagnetic energy for incoming antineutrino energies E; = 2, 5, and 10 MeV. Ratio of our complete result to the leading-order prediction
including recoil, weak magnetism, and nucleon radii corrections is compared to the electromagnetic energy spectrum in Refs. [81,90,104,106], described
in Sec. IV I and labeled as “static limit.” The left panel represents the pure radiative kinematic range, while the right panel illustrates the narrow kinematic
range of the elastic IBD. E corresponds to the positron or electromagnetic energy in the right panel. Only uncertainties of the numerator are included.
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Crucially, our calculation yields a positive radiative cross
section, as expected from general principles. By compari-
son, the electromagnetic energy spectrum reported in
Refs. [81,90,104,106] turns negative in the region of
positron energies allowed only in the radiative process
and, therefore, should not be applied in this region for
precision analyses.

Additionally, we investigate the size of leading
radiative-recoil corrections by numerically evaluating
the sum of the bremsstrahlung contribution in
Eq. (50) and the factorizable correction in Eq. (44),
obtained from the leading-order IBD amplitudes with
relativistic nucleon fields but keeping the HBChPT
coupling to the photon field. For the positron energy
spectrum, the corresponding corrections to the central
results of this paper are negative and well below
< 0.5%o0 for the dominant spectral region in IBD with
reactor antineutrinos. The differences increase with the
energy of the incoming antineutrino. The largest devia-
tions are observed at the lowest recoil positron energies
in the elastic IBD kinematics and reach ~1%. at
E;, =10 MeV. In the pure radiative kinematic range,
these corrections are negligibly small. The radiative-
recoil corrections to the electromagnetic energy spec-
trum are also negative and increase in size with the
reactor antineutrino energy. In contrast, the largest
deviations are observed at the highest energy in elastic
IBD kinematics. The deviations are well below < 0.5%o
for the dominant spectral region in IBD and reach ~1%o
at E; =10 MeV. The corresponding radiative-recoil
corrections to the total IBD cross section increase in
size with the antineutrino energy and are found to be
below 1 —2 x 107 for the dominant spectral region in
IBD, reaching 5.6 x 107* at E; = 10 MeV. The inves-
tigated enhanced radiative-recoil corrections originate
from the factorizable terms correcting the leading-order
cross section for the dominant contribution from soft
and collinear regions and, therefore, can be well

10
—— positron

g4 momanm positron + photon
I leading order
3 6
=3
g 4
v 4]

2 -

T T T ) ! ' : '
Ey, [MeV]

FIG. 7.

approximated with the product of the recoil correction
in Eq. (27) and the factorizable correction to the energy
spectrum, either the sum of Eqs. (45) and (56) with the
replacement &, — %< or the total factorizable contribu-
tion. Besides small antineutrino energies just above the
production threshold, the corresponding corrections in
the charged-current neutrino-neutron elastic scattering
are expected to be smaller in size due to compensation
by additional factorizable positive Coulomb corrections
that are absent in IBD with the electrically neutral
neutron in the final state.

Next, we compute the averaged positron and electro-
magnetic energies at fixed antineutrino beam energy
and present the results, accounting for uncertainties, in
Fig. 7. For comparison, we include averages based on
the leading-order spectrum. Due to the narrow kin-
ematic range of the elastic IBD, the leading-order and
electromagnetic energy averages are nearly identical,
driven by kinematic relations with minor recoil correc-
tions. Radiative corrections do not alter the averaged
positron energy at the reaction threshold and reduce it
by 0.6% at the antineutrino energy E; = 10 MeV. This
reduction increases monotonically with the antineutrino
energy.

C. Positron scattering angle

We evaluate the averaged positron scattering angle at
fixed antineutrino beam energy by performing a
weighted averaging over the two-dimensional distribu-
tion in Sec. IVE for radiative events with photons
above the artificial energy cutoff E, >¢,. For photon
energies below this cutoff £, <¢,, we employ leading-
order positron distributions, incorporating the virtual,

soft, recoil, weak magnetism, and nucleon radii
described in Secs. IIIA-IIID and IVB. We
present the resulting averaged positron scattering

angle as a function of the incoming antineutrino energy

1.0

—— positron
positron + photon

|
-
o

> 4 & 8 1o
E;, [MeV]

Averaged positron energy is compared to the averaged electromagnetic energy and averaging over the leading-order spectrum,

including recoil, weak magnetism, and nucleon radii corrections, as a function of the antineutrino energy Ej; in IBD. The left panel
shows the absolute values, while the right panel presents the relative differences compared to averages over the leading-order spectrum

with recoil, weak magnetism, and nucleon radii corrections.
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FIG. 8. Averaged positron scattering angle is shown as a
function of the antineutrino energy Ej; in IBD. The result is
compared to averaging over the leading-order spectrum, includ-
ing recoil, weak magnetism, and nucleon radii corrections, and
the electromagnetic energy spectrum under the assumption of
elastic IBD kinematics.

in Fig. 8. The plot includes comparisons to the averaging
over the electromagnetic energy spectrum, under the
assumption of elastic IBD kinematics, and the leading-
order spectrum with recoil, weak magnetism, and nucleon
radii corrections included.

Our results demonstrate that the positron tends to scatter
slightly backward on average. The inclusion of radiative
corrections shifts the cosine of the averaged positron
scattering angle by relative ~5%—15% underlining the
importance of photon radiation effects in precision mea-
surements. Furthermore, we confirm that the positron
scattering angle is particularly sensitive to weak magnetism
contributions, in agreement with findings in Ref. [90].

D. Antineutrino energy reconstruction in liquid
scintillators

We quantitatively investigate the effects of radiative
corrections in IBD on the reconstruction of the antineutrino
energy in liquid scintillators, e.g., in the JUNO experiment.
As the first approximation, the incoming antineutrino
energy E7 can be reconstructed from the prompt energy
deposit in the liquid scintillator E); corrected by the
neutron-proton mass difference and the mass of annihilated
atomic electron m, —m, —m,, with elastic kinematic

B =N [ R(E 4+ m)(E. +me>(

relation in the no-recoil approximation, as

eC
EFe =m, —m, + Eg—m,.

(195)
In the following, we investigate the quality of the anti-
neutrino energy reconstruction for 4 cases of interest,
(1) Evaluating the reconstructed energy directly from
Eq. (195) with the nonlinear positron energy re-
sponse of JUNO [49,50] R,(E,), i.e.,

1N :Re(EDe —my, +mp +me)(EDL, —my, +mp +me)'
(196)

(2) Accounting for nucleon recoil and nonlinear posi-
tron energy response R, (E,). We provide a range of

the deposited energy for the allowed kinematic range
of the recoil positron energy,

Re(EIePin + me)(Erenin + me) < Els

<R (EX™ 4+ m,)(EP™ 4+ m,). (197)

(3) Averaging tree-level expressions over the recoil

positron energy and nonlinear positron energy re-
sponse R,(E,), we obtain for E

Els = NECI) Re<Ee + me)(Ee + me)

doy, dopp
dE
dE, + dEe> ¢«

x dGLO + darecoil
dE, ' dE,

(198)

with the normalization Nig,
dGLO dgrecoil
Niog=
Lo / (dEe T

(4) Taking into account the radiation of one real photon
and the nonlinear particle-dependent energy re-
sponses of JUNO [49,50] for positrons R, and for
photons R,, we evaluate the corresponding energy
deposit in the liquid scintillator Ej; as

d6wm dGFF
E,.
dE, + dE, >d ¢

(199)

d do, nr
+ N_] /Re(Ee + me)(Ee + me) <% (5L + 55 + 511) Lo + GMm)dEe

N / (Ro(E. + m,)(E, +m,) + R,(E,)E,)

with the normalization N,

dGLO darecoil ddwm dGFF
E
dE, © dE, | dE, | dE, dE,
dE, ' dE,
de!”
—dE,dfdE,, 200
dE dfdE, ¢ fAE, (200)
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is shown as a function of the antineutrino energy E;
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in the left plot for 4 scenarios of antineutrino energy

reconstruction in tfns paper: (1) tree-level IBD, (2) tree-level IBD Kinematic range, (3) tree-level IBD kinematic average, and
(4) radiative IBD. Results after correcting for the positron nonlinearity, subtracting the curve (1), are shown in the right plot. For
reference, the expected JUNO energy resolution [110], with an opposite sign, is also presented by the red dash-dotted line.

N— / (dGLO darecml +ddawm

We evaluate the resulting antineutrino energy from Ej
with Eq. (195) for the above 4 scenarios and illustrate our
results in Fig. 9. The four scenarios exhibit qualitatively
similar behavior across the kinematic range relevant
for reactor antineutrinos. At low antineutrino energy,
E; <2 MeV, all four curves approach —6%, reflecting the
strong positron nonlinearity R, near threshold. Accounting
for the recoil nucleon kinematics at tree level’ corrects
the antineutrino energy reconstruction comparably to
current experimental uncertainty, while simulations with
vs without radiative corrections result in indistinguishable
reconstruction. Including QED radiative corrections within
scenario (4) shifts the reconstructed energy by no more
than 0.05% relative to the tree-level average of scenario (3).
We therefore conclude that, for the purposes of antineutrino
energy reconstruction in liquid scintillators, an accurate
treatment of recoil kinematics at tree level is more
important than the inclusion of NLO QED corrections.

We also present the expected JUNO energy resolution in
Fig. 10 from the study in [110] resulting in the prediction

(202)

with the parameters a = 0.02614v/MeV, b = 0.0064, and
¢ =0.01205 MeV, and E;, from Egs. (196), (198), and
(200). The results are indistinguishable for different choices
of E, that is why we present only one curve.

The recoil nucleon kinematics at tree level were considered in
Ref. [41].

dopr / a doro  do, /
dE, =(8,+6,+6 ) dE —
dE, ) + <n'( v +o:+on) dE, + dE, et dE, dfdE,

de'”

dE,dfdE,.

(201)

Modern liquid scintillators cannot distinguish deposits
of positrons, electrons, and photons. Therefore, we perform a
more realistic simulation. For each occurrence of IBD,
we replace the deposited energies and the sum of products
of energies and responses under the integrals in scenarios (3)
and (4) with the reconstructed positron energy EL° + m,,
assuming a radiation-free IBD process. We determine the
energy ET¢ from the solution of equality between the
expected energy in radiation-free IBD and the real deposit

(Ereec + me)Re(ETeeC + me) = Re(Ee + me)(Ee —+ me)

+R,(E,)E,. (203)

We obtain an excellent reconstruction of the antineutrino
energy for tree-level kinematics after properly accounting for
the nucleon recoil corrections. The reconstructed energy for
the radiative process is determined from the following
deposited energy:

2
2
8
0 T T T T T T T
2 4 6 8 10

Eq, [MeV]

FIG. 10. The experimental energy resolution
as a function of the antineutrino energy Ej, .

L [110] is shown

Te
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do doecoil  d0wm
:N_l/(Ef+m8)<d1ELO+ i, " dE

- a doro  doy, s
N-! E —(6,+06,+0 — |dE
+ /( e+me) (7[< 1)+ s+ II) dEe dEe e

dG]:]:
dE
o aE

dol7

N—l Erec
* /( ¢ +m6)dEeddey

dE,dfdE,, (204)

where ET° is given by Eq. (203). In Fig. 11, we present the
quality of this more realistic energy reconstruction. Due to
the differing energy responses to positrons and photons, the
emission of real photons can introduce biases in the
reconstruction of the antineutrino energy around 1/3 of
the expected experimental resolution. Such effects can be
important for an accurate determination of the atmospheric
oscillation parameters, neutrino squared mass differences,
and consequently, the hierarchy of neutrino masses.

The current and future accuracy of the antineutrino
energy reconstruction calls for the inclusion of nucleon

recoil at tree-level kinematics [41] and proper accounts for
|

—V2GpV* B y"PLe N

- \/_GFV;d [—TD o"Pre No,, 7N —

k,+k,
with the averaged lepton and nucleon momenta K, = “;

(G —f2+ ]_CA}’S)]//)

+
“and P, = 2tlh

&2 0.4+
o 0. 2—

\>°’
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Eq, [MeV]
. E, —E% . . .

FIG. 11. The ratio —7— is shown for antineutrino energy

reconstruction in IBD, assiiming only the positron energy deposit
via Eq. (203).

the radiation of real photons in the inverse beta decay
reaction.

E. New physics at leading order
in nucleon recoil

We explore potential new physics contributions to the
elastic IBD process at the level of invariant amplitudes. In
general, the elastic IBD amplitude 7' can be decomposed
into eight invariant amplitudes with corresponding Lorentz
structures as [282,283]

g v
- 10,9

—2Ff i -N
fazys—+ f2 T
m,, 2m,,

o - fxV'K
UPReN<f3+fP75_ZR Ers
mn

(205)

),-N],

, respectively, and gp = gy —

2 —
5 = %f2. At zero

momentum transfer, the invariant amplitudes can be expressed in terms of the low-energy coupling constants as

gM:gV+Mp_Mn_l’ .]_CA:

m
f3:_m_nCS’ fP:__nCP’

e me

The amplitude f,; does not contribute in the limit of
1sospin symmetry. The amplitude f; corresponds to a
higher-order effective operator, 'Z”Sz'k,

my

analogous to spin-

dependent contact lepton-nucleon interactions in the
electromagnetic sector, generated via two-photon exchange
[284-291]. The normalization conventions for the ampli-
tudes and their relation to the Lee-Yang coefficients C; are

—da> J_CZZMp_/An_l’
_ 2m,

fr=

Cr. (206)

e

provided in Refs. [282,292,293], while a further connection
to the quark level can be performed with nucleon matrix
elements following Refs. [292-306], with lattice-QCD
inputs from Refs. [293,307-311].

The general expression for the unpolarized elastic
scattering cross section and polarization observables in
the isospin limit has been derived in Refs. [282,283]. In this
paper, we consider the unpolarized cross section

do(E;, Q%) G2|V,u? m? ) v Cv, 0%
7, _ u DA(v, 2 B(v, 2 , 207
do? 2n E%e (v + re) Ay, 07) + (v, 0%) + mi 1+t (207)
with kinematic variables
E; 0? m
— Ve —_ 2’ —, = ¢ . 208
v m, T ‘ 4m? Te 2m,, (208)
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The structure-dependent quantities A, B, and C are functions of E; and Q?. They are expressed in terms of the invariant

amplitudes as

A =lgyl? = |gel* + (L 4+ 2)|Fal> = r2(gul* + 1fa + 27 e =40+ 0)(|fp* + [ £3]7)

2

- r - -
41+ )PP + 5 (2 4+ 47— (1o 22 el = 21+ 2) 4 P

— 212 (3 + 290 — 201+ ©)Fas)F 5] + 201+ 7+ DRelFaf3] + 2riRelF o),

(209)

B =Re |:4T]_[ZQM - 47%(J_CA - ZT}P)*]_CA3 - 4’%@15]?; - 27%(3]?14 - 2T(J_CP +J_C3)>J_C; + ré(J_CT + 2?A3)]71§:|7 (210)

C = 7|gul* + |9z +

New physics scenarios can be studied by allowing the
values of these amplitudes to deviate from the Standard
Model. At leading order in 1/m, expansion, only vector
and axial-vector amplitudes contribute, reproducing the
results in Eq. (16). At next-to-leading order (’)(mi) scalar
and tensor amplitudes f5 and f, as well as the amplitude
f 3, become relevant. The corresponding recoil corrections
at reactor antineutrino energies can be consistently incor-
porated using the following substitutions:'

E 4F 2 o
A <1—m—3)< -2 (1-35) ow - 77

3r2_ - 1 2\ - -
—Z?fAf’f ) (1 _7>fAfX3:|>’ (215)
r2 EO

B 1-(1-=% B, 216
-(-(-%)m)e e

EO 2E0 EO Q2 + m% 2E% + mg

Co|l-——-—"—-—
E, m, m, 4E%€ 2m,E;,
2F - -

x (c— mome[fAf;3]>. (217)

"The corresponding substitutions for charged-current neu-
trino-neutron elastic scattering, with invariant amplitudes for this
channel, are given by

}"2
A— (1 —%) (A +‘:f: ﬂie[(l —i) (9u = f2)13

372 1 r’
+Z?fAf;+§(l_7>fAfX3:|)* (212)
Bo (14 (1-72) Eo g (213)
N _le
7 )2E, ’
oo (14 B G mi
E, m, 4Ej 2my,E,,
2F
x <c+ m“me[fAf§3}). (214)
n

(L+2)|fal? + 471 + )| fas]* +272(1 +7) | f7* = r2(1+ 1) Re[faf %]

(211)

Notably, at reactor antineutrino energies, the relative
contribution from the amplitude f» in the structure-depen-
dent function A remains below 2 x 1075 and can thus be
safely neglected.

To provide robust constraints on effective interactions and
new-physics scenarios, the QED radiative corrections from
this work should be applied to ensure a reliable interpretation
of modern and future high-precision IBD experiments.

F. Charged-current neutrino-nucleon elastic scattering
and neutron decay

The framework developed in this work is readily
extendable to charged-current neutrino-neutron elastic
scattering and to neutron decay. In this case, the result is
obtained by including the Coulomb corrections to virtual
QED contributions in Sec. I D" and interchanging the
proton and neutron masses, m, <> m,, implying the no-
recoil approximation for the final-state proton p -k, =
m,E, and flipping the sign of the weak magnetism term.
Notably, the charged-current neutrino-neutron elastic scat-
tering process has no kinematic threshold and shares the
same phase-space structure and integration regions as the
IBD process for incident antineutrino energies above
the photon-emission threshold, E; > EZ

We also reproduced numerically the known results for
the electron and neutrino energy spectra in neutron decay
from Refs. [263,327] (cf. also Refs. [328,329] for the
neutrino energy spectrum), by applying the integration
technique from Ref. [159]. Accounting for full kinematic
range in the radiative phase space results in permille-level
spectral distortions, above the level of the modern
experimental precision [330], and increases the size of
the radiative correction Apor — (g% — 1) in Eq. (26) by
~0.25%0, which is 3—4 times above the theoretical uncer-
tainty from QED radiative corrections and around the size
of the total uncertainty from the radiative correction Ag

"Contributions from the hydrogen bound states in reaction
with a “free” neutron in the initial state start to enter at O(a?)
[247,312-326] and, therefore, can be neglected.
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[155]. For a ~0.25%o shift, we averaged the increase in the
neutron lifetime, with numerically equal shifts for the
superallowed transitions, obtained from the neutrino energy
spectrum 0.20%¢ and the electron energy spectrum 0.30%o,
finding a perfect consistency between integrated neutrino
and electron energy spectra after accounting for the full
kinematic range in the radiative phase space.12
This update would shift the extraction of V,; from super-
allowed nuclear # decays down by around the size of the
uncertainty from A, from V,, =0.97373(31) [175] to
Ve =0.97361(31). Accounting also for the update in
short-distance radiative corrections from Ref. [155], V4
reduces down to V,;, = 0.97348(31).

To verify QED radiative corrections in extracting the
nucleon axial-vector coupling constant from the beta asym-
metry in polarized neutron decay A, we study the
corrections to this observable within the no-recoil approxi-
mation for the final-state proton and without kinematic
approximations. The asymmetry is defined as a relative
difference between the number of electrons emitted in the
hemisphere of the neutron spin direction N' vs the hemi-
sphere in the opposite direction to the neutron spin N*,

NT - NY
o = NT LN (218)
We present the resulting QED radiative correction from
Refs. [154,169,264,265] and results from this work that
account for the full kinematic range in the radiative phase
space for allowed positron kinematics in Fig. 12 and for
energy ranges of UCNA [331-333] and PERKEO-III
[194,334] experiments in Table I. As input parameters,
we take the vector coupling constant from Ref. [155] and
the axial-vector-to-vector coupling constant ratio at low
energy from the PDG Al = 1.2754(13) [190-193]. We
confirm the magnitude of QED radiative corrections
from Refs. [154,169,264,265] implemented in measure-
ments of the beta asymmetry in the neutron decay
[194,331-334] and assume the correct sign in the analysis
of Refs. [194,331-334]. However, accounting for the full
kinematic range in the radiative phase space modifies the
resulting radiative corrections by an energy-dependent factor
of the order of the correction itself. This update shifts the
ratio A in [194,334] upwards by 1.9 x 107, 3 times smaller

12Evaluating the neutron lifetime with the neutrino energy
spectrum from Ref. [327] or with the electron energy spectrum
from Ref. [263] gives exactly the same result after integrating
over the ranges that are leading in the nucleon recoil. The neutron
lifetime evaluated with the neutrino energy spectrum is above the
result based on the electron spectrum by 2.7 x 107, when
integrated over the exact kinematics, while exploiting the
relativistic expressions for the leading-order energy spectra as
part of QED radiative corrections increases this difference by the
uncertainty of QED radiative corrections from Ref. [155] up to
9.5x 1073,

— QED radiative correction, static limit h
o4 ~—--—- QED radiative correction, this work K

0 1(|)O 260 360 460 5(|)0 6(|)0 7(|)0

T, [keV]
FIG. 12.  QED radiative correction to the beta asymmetry Ay,
in the polarized neutron decay [154,169,264,265] is shown as a
function of the electron kinetic energy T,. The total correction
from Refs. [154,169,264,265], shown as a blue solid line, is
compared to the result from this work that accounts for the full

kinematic range in the radiative phase-space integration, shown
as a red dotted line.

than the size of the experimental uncertainty in the
PERKEO-III measurement [194,334].13

G. Comparison to literature

Our results for recoil and weak magnetism corrections to
the differential cross section are in full agreement with the
general expressions presented in Refs. [85,95,99,101,218].
We agree with Refs. [90,93,106] in the limit of vanishing
electron mass. In Ref. [81], we note a sign error in front
of the squared magnetic moment term proportional to
(up — py)?. Our results are in agreement with Ref. [91]
up to corrections proportional to E that are not included in
the analysis in Ref. [91]. For the total cross section, our recoil
correction agrees with the results of Refs. [81,95], although
we do not observe agreement with Ref. [80] besides the
absolute value of the gy g, interference term. We confirm the
weak magnetism correction to the total cross section as
reported in Refs. [80,81,95], and we reproduce the correct
analytic threshold behavior as given in Ref. [81].

All previous evaluations of QED radiative corrections to
IBD were performed using relativistic fields for both the
positron and proton. In contrast, our calculation consis-
tently employs a heavy baryon framework, in which the
low-energy constants are valid only when nucleons are
treated as heavy fields. This allows us to control the
constant term of order O(%) in a theoretically consistent
manner. While Refs. [93,98,99] provide parametrizations
that include electroweak, QCD, and QED corrections, these
contributions are separated in our effective field theory
framework. Prior evaluations of the energy spectrum were
limited to the electromagnetic spectrum in the static limit,

YShould the Collaboration misinterpret the sign of the QED
radiative correction, the value of 4 would shift downwards by 8.4 x
10~* or approximately 1.5¢ of the experimental uncertainty.
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TABLE L

The beta asymmetry Ay, in the polarized neutron decay, the QED radiative correction to it from Refs. [154,169,264,265],

labeled as “static limit,” and the result for the full kinematic range in the radiative phase-space integration are presented for typical recoil

electron energy ranges.

Electron energy range [keV] Asymmetry Ay

QED correction static limit, 0.1%o

QED correction this work, 0.1%0

220-670 [331] —0.10196
190-740 [332] —0.09798
300-700 [194] —0.09885
197-694 [334] —-0.09777

—1.00 —1.60
-0.92 —1.61
-0.97 -1.65
-0.90 -1.59

whereas our work avoids such a kinematic approximation.
We provide radiative corrections not only to the total cross
section and electromagnetic energy spectrum but also to
the positron energy spectrum, as well as the double- and
triple-differential distributions in radiative IBD. Our results
are based on a fully consistent phase-space integration and
should thus be considered the most reliable for use in high-
precision experimental analyses.

In the soft-photon limit, our results for both virtual and
real radiative corrections agree with Refs. [96-98,104,105],
and we reproduce the correct behavior in the collinear
regime, as discussed in Refs. [219,220]. Importantly, our
result for the infrared-safe observable electromagnetic
energy spectrum is free of positron-mass singularities, in
agreement with the Kinoshita-Lee-Nauenberg theorem
[274-276,279]. This feature has been demonstrated at
higher beam energies in charged-current (anti)neutrino-
nucleon elastic scattering [219,220], as well as in the static
limit by previous works [80,81,85,98,104,106,219,220].
Finally, we confirm that the positron energy spectrum
contains the expected single-logarithmic behavior in the
limit of small electron mass, in agreement with the results
in Ref. [94], based on Refs. [100,335-338].

VI. CONCLUSIONS AND OUTLOOK

In this work, we performed a comprehensive analysis of
inverse beta decay cross sections for reactor antineutrino
energies. Our calculation starts with heavy baryon chiral
perturbation theory, incorporating the latest precise deter-
mination of the vector coupling constant g, as a funda-
mental input for the most accurate predictions. For the first
time, we present fully analytic results for QED radiative
corrections to the positron energy spectrum, double- and
triple-differential distributions in the radiative IBD process,
as well as provide the electromagnetic energy spectrum
without the no-recoil approximation in the evaluation of the
radiative phase-space integrals.

Our findings show that QED radiative corrections affect
observables at the few-percent level, with a pronounced
dependence on the specific experimental setup. We have
illustrated these effects for energy spectra, averaged energies,

and the positron scattering angle. A thorough uncertainty
analysis confirms that the nucleon axial-vector coupling
constant g4 and the CKM matrix element V,,; remain the
dominant sources of cross-section uncertainty for reactor
antineutrino energies, contributing relative errors of 1.71%o
and 0.64%o, respectively. Reducing these uncertainties
through improved external experimental inputs would enable
sub-permille precision in IBD cross-section predictions. We
have quantified non-negligible effects from radiative cor-
rections in inverse beta decay on the reconstruction of the
antineutrino energy with modern and future liquid scintilla-
tor detectors. Furthermore, we have explored the potential of
reactor antineutrino measurements to constrain physics
beyond the Standard Model.

The results reported here are directly applicable to
studies of reactor antineutrino fluxes, neutrino oscillation
experiments, and searches for new particles with reactor
antineutrino sources, as well as to any precise antineutrino
measurements with energy below 10 MeV where IBD is an
important detection channel.

To extend the precision description of IBD with reactor
antineutrinos to the energy range from 10 to 60 MeV,
relevant for supernova neutrinos and pion-decay-at-rest
sources, we account for QED contributions involving pions
and deltas in Refs. [339,340].

FeynCalc [341,342], LoopTools [343], JaxoDraw [344],
Mathematica [345], and DataGraph [346] were extremely
useful in this work.
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