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Physics

The Standard Model (SM), while having been confirmed experimentally with remarkable ac-
curacy, faces both theoretical and experimental challenges. Beta decay serves as a stringent
probe for potential physics beyond the SM. To enhance its utility, advances are required in
three key aspects of beta decays: enhancing the sensitivity of the experiments, improving
the precision of the SM calculations, and developing theoretical frameworks capable of ac-
commodating new physics. In this thesis, all three paths were investigated and discussed,
with Effective Field Theory (EFT) providing the central framework. We employ the Stan-
dard Model EFT (SMEFT) to parametrize possible new interactions at energies above the
electroweak scale and connect them to low-energy observables. Furthermore, we employed
Chiral Effective Field Theory to systematically include higher-order corrections and suppress
theoretical uncertainties, a key step toward enabling CKM unitarity tests with a precision

at the 10~% level.

In addition to precision tests of the Standard Model through beta decay, the research
advances the theoretical description of strongly interacting many-body systems using Chiral
Effective Field Theory (ChEFT). ChEFT is an effective field theory that systematically
describes the interactions of pions and nucleons, allowing the construction of nuclear forces.
While two-body potentials provide the largest contributions to these interactions, three-

nucleon (3N) forces can play an important role in systems like nuclei or neutron stars. The



current derivation of the 3N force does not take into account the effects of interactions that
involve four nucleons and two pions, with a coefficient proportional to the square of the
pion mass, momentum, or energy. Although suppressed in conventional power counting,
renormalization arguments promote these interactions to leading order. When the pions are
integrated out, we find that these operators induce a sizable, previously unaccounted-for

contribution to the 3N force.
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Chapter 1

INTRODUCTION

Effective Field Theory (EFT) is a comprehensive and widely used framework in modern
theoretical physics. It provides a systematic and model-independent approach to describing
physical systems that manifests a separation of energy scales [10, II]. By focusing on the
relevant low-energy degrees of freedom and organizing interactions according to symmetry
principles and power counting — which orders interaction terms by their expected size based
on the expansion parameter — EFT enables reliable predictions even when the underlying
high-energy dynamics are unknown or unmanageable [12, [13]. This dissertation explores,
analyzes, and improves the various EFT methods by applying them to two central, nu-
clear problems: precision studies of nuclear and neutron beta decays and the theoretical

description of nuclear many-body interactions.

The first topic explored in this thesis — beta decay — is an important tool for probing
physics beyond the Standard Model (SM). The SM is the theory describing the interactions
of all known elementary particles, with its predictions confirmed by experimental data up to
the TeV energy scale [14]. While the SM has been extensively validated, it fails to account for
several well-established phenomena, such as neutrino masses, the existence of dark matter,
and the observed matter—antimatter asymmetry of the universe. In addition, the SM faces
unresolved theoretical challenges, including the hierarchy problem, the strong CP problem,
and the unexplained flavor structure of the CKM and PMNS matrices [I5]. This suggests
that the SM is incomplete and, if the new physics resides at a high mass scale, it should be

seen as the leading term of an effective field theory [10].

The resulting theory is the Standard Model Effective Field Theory (SMEFT) [16, [17],
which extends the SM with higher-dimensional operators that are suppressed by inverse
powers of a new physics scale (A). This theoretical framework allows for a systematic

exploration of potential deviations from the SM predictions in terms of new physics of



ultraviolet origin.

In this thesis, we identify the SMEFT operators that induce the largest loop-level contri-
butions to charged-current (CC) processes, such as beta decays of the neutron, nuclei, and
mesons [18]. These include four-quark and semileptonic four-fermion operators, each involv-
ing two third-generation quarks. These interactions do not contribute to beta decay at tree
level but can enter indirectly through loop-level quantum corrections. These contributions
can be probed without making assumptions about flavor symmetries and are constrained by
precision observables at energy scales approaching A ~ 8 TeV.

To use beta decay as a sensitive BSM probe within this framework, it is essential to
reduce both experimental and theoretical uncertainties. This interplay between precision
measurements and the theoretical description using EFT methods is a central theme of the
first part of this thesis. In this thesis, we contributed to both experimental and theoretical
efforts aimed at improving the precision of beta decay studies.

On the experimental side, this thesis presents results from the UCNT experiment [19],
which is designed to measure the neutron lifetime with unprecedented precision. A precise
determination of the neutron lifetime and correlation coefficients is critical for extracting
the axial coupling constant g4 and V,,; CKM matrix element, testing the consistency of the
SM weak interaction, and probing potential signatures of BSM physics.

On the theoretical side, we present the first step to improved accuracy of radiative correc-
tions within the framework of chiral perturbation theory (ChPT). In particular, our efforts
focused on refining the theoretical inputs needed for the extraction of the CKM matrix el-
ement V4 from superallowed beta decays. These improvements are essential for enabling
future tests of CKM unitarity at the 10™% level, which is the current experimental uncer-
tainty that we’d like to match theoretically, hence increasing the sensitivity of beta decay
observables to potential new physics effects.

The second focus of this thesis is the structure of nuclear forces, which emerge from
the strong interaction among nucleons. While Quantum Chromodynamics (QCD) provides
the fundamental description of quarks and gluons, its strongly coupled behavior at low
energies makes direct calculations in nuclear systems challenging. Chiral Effective Field

Theory (ChEFT), based on the symmetries of QCD, enables a controlled expansion of nuclear



interactions in terms of nucleons and pions and nucleons, allowing the construction of nuclear
forces.

Two-body potentials, which describe interactions between two nucleons, provide the
largest contributions to the nuclear forces. However, the three-nucleon (3N) force can play
an important role in dense systems like nuclei or neutron stars. The current derivation of
the 3N force does not take into account the effects of the so-called do operator. Although
this interaction is suppressed in conventional power-counting estimates, Kaplan, Savage, and
Wise [20] showed that renormalization requires this quark mass-dependent term already at
the leading order. There are also two analogous operators that are proportional to the pion
momentum and energy rather than to m?2. In this thesis, we investigate the consequences of
the ds operator for the 3N force, finding that it leads to a significant contribution that has

not been accounted for so far [21].

1.1 Beta decay

One of the key nuclear phenomena that has been studied in this thesis is beta decay. Beta
decay is a weak interaction process in which a neutron, either free or bound in an atomic

nucleus, decays into a proton, while emitting an electron and an electron antineutrino
n—=p+ive+e (1.1)

This weak process is illustrated in Fig.

In the full electroweak Standard Model, beta decay arises from the exchange of a virtual
W~ boson between quarks and leptons. The relevant charged-current interaction responsible
for d — u is given by the Lagrangian

Loc = _9 [ay"(1 — 7°)Vijdj + oy (1 — 7°) ] W +he, (1.2)

2v/2

where ¢ is the SU(2), gauge coupling and Vj; is the Cabibbo-Kobayashi-Maskawa (CKM)
quark mass mixing matrix. The fields u; and d; denote up- and down-type quarks, while ¢
and vy represent charged leptons and neutrinos, respectively, and W™ is the charged weak

gauge boson.
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Figure 1.1: Feynman diagram illustrating neutron beta decay at the quark level. The down
quark inside the neutron (udd) undergoes a weak transition to an up quark, mediated by
a virtual W™ boson, resulting in a proton (uud) and the emission of an electron (e™) and

electron antineutrino (7).

At energies much lower than the electroweak scale, the W boson can be integrated out,
yielding an effective four-fermion interaction. This results in Fermi theory [22] description
of beta decay

Leviu = —V2GpVyaeyuvr - iy (1 —4°)d + h.c. (1.3)

where G = 1.1663788(6) x 10~° GeV 2 is the Fermi constant determined with high precision
from muon decay. A more detailed discussion of this effective field theory description is
provided in Section Within this framework, all other parameters governing beta decay
are either well-known or can be precisely calculated, allowing one to extract the fundamental
SM parameter V,4 from experiment. Precise determination of V,4 is important for testing
the unitarity of the CKM matrix, and consequently, the Standard Model itself.

Before the full electroweak theory was developed, beta decay was described effectively

by the Lee-Yang Lagrangian [23-26],
Lice—yang = —Py*n (Cireyuvr + Cyevavr) — pyv'ysn (CLevuvr — C évuvr)
1
—pn (C;EI/L + CS_éI/R) — 5]30‘“’71 (C;—:éo‘w,l/L + CEéO‘M,/VR)

+ pysn (C’;éyL — C];éVR) +h.c. (1.4)



where C§; (Cy) are Lee-Yang effective coupling constants describing right (left)-handed
interactions. The generality of this Lagrangian, including all terms allowed by Lorentz sym-
metry (scalar (S), vector (V), tensor (T), axial-vector (A), and pseudoscalar (P)), eventually
revealed the V-A structure of the weak interactions, and is nowadays used to probe BSM
effects.

At hadronic energies, where quarks are confined inside nucleons, Eq. must be trans-

lated into hadronic degrees of freedom. The effective interaction becomes
ﬁeynp = —\@Gpvudé’yMVL . ﬁ’y“(gv + gA’y5)n + h.c. s (1.5)

where p and n are proton and neutron fields, g and g4 are respectively the vector and
axial-vector couplings. The conservation of the vector current implies that gy = 1, as the
vector current is protected by an exact symmetry in the isospin limit. In contrast, the axial
coupling g4 is not symmetry-protected and receives significant renormalization from strong
interactions.

Precise determination of V,4 from neutron beta decay, which is sensitive to V and A
currents, therefore requires accurate knowledge of the ratio A = g4/gy. The dependence of

Vud on the measured neutron lifetime and the axial coupling is expressed as

1

Vadl® ¢ —— v
WVl i ane)

(1.6)

emphasizing the importance of both experimental and theoretical precision of neutron decay
for testing the Standard Model [27] 28§].

Neutron beta decay provides a clean tool for studying the weak interaction at low ener-
gies. The neutron is electrically neutral and only subject to weak and strong forces, hence
it avoids complications arising from electromagnetic and nuclear many-body interactions
that affect nuclear beta decays. This makes neutron decay a valuable tool for determining
fundamental parameters such as the axial-vector coupling ratio A = g4/gy , and the CKM
matrix element V4, as well as for testing the unitarity of the CKM matrix and the validity

of the Standard Model.

The most relevant terms in the differential decay rate of a polarized neutron to unpolar-



ized final states are as follows [28-31]:

dr _ (GrVua)® = 2 2y .2 Qem §(1)
<M>O = St F(E)|PelBe(Eo — Ee)*(1+ 30)g, (1 + S0 (Ee))
(L (ot da) (1+ 90O () BB + b (1.7

16+ [(A+064,) (1+ §20@)(E,)) B + (B +0B,) B + DR )

™

where & is the unit neutron polarization vector, and Ey = (M7 — M2 +m2)/(2M,,) is the
end-point energy, corresponding to the maximum electron energy. F., F, are the energies
and, pe, P, are momenta of respectively the electron and antineutrino. F'(FE.) is the Fermi
function accounting for the Coulomb interaction between the final-state proton and the
emitted electron. m, is the mass of the electron.

The correlation coefficients a, b, A, B, D encode the angular and spin correlations between

the decay products and are defined as follows:

a: Electron—antineutrino angular correlation coefficient. Sensitive to the axial-vector

to vector coupling ratio, A = ga/gv.

A: FElectron asymmetry parameter. Measures the angular distribution of the electron

with respect to the neutron spin.

B: Neutrino asymmetry parameter. Analogous to A but for the antineutrino.

D: Triple correlation coefficient. Probes time-reversal (T) violation; it involves the

scalar triple product of momenta and spin.

b: Fierz interference term. Sensitive to non-Standard Model scalar or tensor couplings.

The terms da,,dA,, B, represent recoil-order corrections (of order ~ 1/M) generated by
e.g., the nucleon magnetic moment. () and ¢ are radiative corrections from the virtual

photon and bremsstrahlung effects, their expressions might be found in Ref. [32].



1.1.1 History of experiments of beta decay

The first experiments on radioactivity occurred at the turn of the 20th century, marking
the beginning of a new field in physics. The earliest study of beta decay is considered
to be Rutherford’s experiment in 1899, in which he identified new particles emitted from
radioactive material known today as beta-particles [33]. In 1900, Henri Becquerel recognized
that these particles are in fact electrons by measuring the mass to charge m/s ratio [34].
Following experimental observations revealed that electrons emitted in beta decay had a
continuous energy distribution, which violates energy conservation [35H37]. In order to
explain this energy spectrum, Wolfgang Pauli postulated the existence of a light neutral
particle that is emitted together with the electron [38]. This was explained by Enrico Fermi
in 1933, who formulated a theory of beta decay in terms of a contact interaction between four
fermions [22]. Fermi’s theory introduced the concept of the weak interactions and provided
a remarkably successful description of beta decay rates and spectra, laying the groundwork
for the later electroweak theory. This is explained in more detail in Section

In the meantime, in 1932 Chadwick discovered the neutron, showing the existence of a
neutral particle with a mass similar to, but slightly larger than that of the proton, suggesting
the possibility of its decay [39]. Soon after, it was found by Gamow and Teller [40] that the
form of the interaction had to be generalized to include spin-dependent interactions.

The most general form of the interaction Hamiltonian term is
H= ZCi/de(up O1; up) (e Og; wy) (1.8)
i

where uy, Up, U, and u, denote the wave functions of the four particles, and the operators
allowed by (Lorentz) symmetry are O o; € (1, Vs Oy 177V, 7°), which corresponds to scalar
(S), vector (V), tensor (T), axial vector (A), and pseudoscalar (P), respectively. In the
non-relativistic limit, S and V reduce to the Fermi interaction, while T and A reduce to
Gamow-Teller [41].

The major experimental breakthrough took place in 1957. Wu, Ambler, Hayward,
Hoppes, and Hudson [42] experimentally demonstrated parity violation in the beta decay of
polarized cobalt-60 nuclei, a possibility that was first proposed by Lee and Yang [23]. One

year later, Goldhaber et al. [43] measured the helicity of the neutrino and confirmed it is



left-handed. This result provided evidence supporting the vector minus axial-vector (V-A)
structure of the weak force.

These two key findings challenged the existing symmetric models and pointed toward a
chiral structure of the weak force. In response, Marshak and Sudarshan [44] and later Feyn-
man and Gell-Mann [45], proposed the V-A theory, postulating that the weak interaction
couples only to left-handed components of fermion fields and the right-handed components
of antifermion fields. This theory predicts that the weak charged current has a specific com-
bination of vector (V) and axial-vector (A) couplings with equal magnitude and opposite
sign.

Between 1961 and 1967, Glashow [46], Weinberg [47], and Salam [48] developed the
electroweak theory, which unifies the weak and electromagnetic interactions in a single theory
described by a gauge symmetry that is unbroken at high energies above the electroweak
scale, ~ 100 GeV. The first experimental verification of this theory came in 1973 from the
Gargamelle experiment at CERN, which discovered neutral currents. [49]. A definitive
confirmation followed in 1978 with electron-scattering experiments at SLAC, leading to the
first determination of the weak mixing angle[50].

In charged-current interactions the next experimental efforts were focused on improving
the precision of beta decay measurements, mainly with the use of superallowed transition
0t — 0. These experiments have been collected in several surveys [51H53]. The superal-
lowed decays are purely Fermi transitions, meaning they are mediated only by the vector
component of the weak interaction, and involve no change in nuclear spin or parity. As a
result, beta decays provide a clean and theoretically well-understood tool for testing the con-
servation of the vector weak current and extracting the CKM matrix element V4. However,
reaching sub-percent precision in V,4 is limited by nuclear-structure effects, which remain
a significant source of theoretical uncertainty. Addressing these challenges motivates efforts
such as our project, aimed at improving the calculation of dxg. This in turn allows to test
unitarity of the CKM matrix. Further details on probing the Standard Model with the use
of the CKM unitarity are provided in the following section.

Simultaneously, neutron lifetime measurements were started shortly after the develop-

ment of neutron sources from nuclear reactors. Initial lifetime results showed the neutron



lifetime to be around 10 — 30 min. The first approximate measurement was performed by
Robson et al. in 1951, where they reported a neutron half-life to be 1108 £ 216 s [54]. In
1972, Christensen et al. improved precision using magnetic spectrometry to reduce the ac-
ceptance systematic errors and reported 7, = 918 14 s [55]. These first measurements were
performed using beam-based experiments, in which neutrons decay while traveling through
a well-collimated beam. The resulting decay products — protons — are detected downstream,
allowing the decay rate to be determined. An alternative to beam-based experiments in-
volves the use of ultracold neutrons (UCNs), which are characterized by extremely low
kinetic energies, typically below a few hundred nanoelectronvolts. This allows them to be
stored in magnetic or gravitational traps for extended periods, making them well-suited for
precise lifetime measurements [56]. A comparison of neutron lifetime results from several
experiments performed since the early 1980s is shown in Fig. These methods, together
with the explanation of the neutron lifetime anomaly, are described in detail in section |3.1]

The first experiments were subject to large measurement errors due to low UCN densi-
ties in traps, which lead to losses of neutrons losses in the apparatus. These losses, in turn,
complicated the extrapolation of the trap storage time to the true neutron lifetime, intro-
ducing additional systematic errors [56]. In the following years, the probability of neutron
loss decreased from ~ 30% [57] to ~ 1% [58] among other things, thanks to using an open
gravitational trap.

Up to 2004, the two main methods of experiments — beam [59] and bottle type agreed.
In 2004, Serebrov et al. found the neutron lifetime to be 7, = 878.540.74¢ = 0.34ys, using a
novel gravitational trap technique. [60]. This result differed from the then-current Particle
Data Group (PDG) world average by approximately 6.40, sparking significant debate and
skepticism within the community due to the unexpectedly large discrepancy. The next mea-
surements with the use of magnetic trapping techniques confirmed this shorter lifetime with
significantly improved precision [61H64], while the results from beam-based experiments have
remained consistently higher, converging around 7, ~ 888 s [65] as illustrated in Fig. u
This discrepancy is widely known as the neutron lifetime anomaly, and could be a hint of
BSM physics.

In 2017, the Los Alamos National Laboratory published the first neutron lifetime result
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using a magneto-gravitational trap for UCNs, reporting 7, = 877.7 £ 0.7z £ 0.3y as part
of the UCNT experiment that aligns with the smaller value of the neutron lifetime. The
result was later significantly improved in 2021, incorporating better control over systematics,
improved neutron counting, and extended data-taking. The updated result was: 7, =
877.75 4 0.28444¢ fg:%g sys’ making it the most precise single measurement of the neutron
lifetime to date [19]. This particular experiment is explained in more detail in Chapter

as it is one of the main topics of this thesis.
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Figure 1.2: A comparison of neutron lifetime results from several experiments performed
since the early 1980s. Beam experiments shown in red, and bottle in blue. The UCNtau

project’s recent results are shown in yellow.

In addition to measuring the neutron lifetime, correlation coefficients appearing in the
neutron decay rate (see Eq. have also been experimentally probed. Some of the no-
table experiments are PERKEO II/III at the Institute Laue-Langevin, which used a cold
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neutron beam, and reported the neutrino asymmetry parameter B = 0.9802(50) [67], and
the proton asymmetry parameter C = —0.2377(26) [68]. Complementary measurements
were performed by the Ultracold Neutron Asymmetry (UCNA, UCNA-+) experiment at
Los Alamos National Laboratory, which used ultracold neutrons (UCNs) to minimize sys-
tematic uncertainties and improve control over the neutron polarization [69] [70], reporting
Ap = —0.12015(34) 5¢at(63) syst and A = ga/gy = —1.2772(20). The experiment measuring
the electron-antineutrino a-coefficient in free neutron decay was measured by the aCORN
experiment at the National Institute of Standards and Technology. The most recent reported
result is a = —0.1077940.00125444; +0.00133,,, and A = ga/gv = —1.2712+0.0061 [71] that
improved aSPECT result [72]. There is a mild tension between values of g4 extracted from
measurements of the electron—antineutrino correlation coefficient a and those obtained from
beta asymmetry parameter A, an issue currently under investigation in precision beta-decay

studies.

1.1.2  Probing beyond the Standard Model physics through beta decays

Beta decay is particularly important for probing physics beyond the Standard Model (BSM)
from multiple perspectives. Due to the high precision achieved in both experiments and
theoretical calculations, it enables tests of fundamental predictions of the SM, such as the
unitarity of the CKM quark mixing matrix as described below.

The unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) |73 [74] quark mixing matrix

requires
Vui Vus Vao | | Via Vo Via
Verm Vg = Vg Vis Vo | | Ve v vz | =1, (1.9)
Vie Vis Vi wb Ver Vb
which implies the unitarity of the first row
Vaal® + [ Vas|* + Vi = 1. (1.10)

The matrix element V,4 describes the strength of the weak interaction that converts a down

quark into an up quark and is probed from nuclear, neutron, and pion beta decays. The
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current best-fit value is V,,4 = 0.97378(26) [75]. The element Vs tells about the quark up
to quark strange transition and is mainly determined from leptonic and semileptonic kaon
decays with a current constraint of Vs, = 0.22422(36) [75]. The element V; represents
the transition of the quark up to quark bottom, and is determined from rare semileptonic
B-meson decays. Its squared value is approximately |Vy|? ~ 1.5 x 107°, which is smaller
than the uncertainties of the other elements and therefore neglected in the first-row unitarity
test.

There is a discrepancy between these determinations, which is depicted in Fig. [I.3] that
shows constraints in the V4 — Vis plane. The black solid line represents the unitarity circle,
while the yellow ellipse is 68% confidence level (C.L.) of all four combined measurements.
These two do not intersect, leading to a hint for a deviation from unitarity Acgy = ]Vud\Z +
[Vus|® + |[Vip|? — 1 = —1.48(53) x 1073 at ~ 30.

These results have generated scrutiny of the SM prediction [T5H87] as well as beyond the
SM (BSM) studies [88HIOI], in the context of explicit models of new physics, in the EFT
setting below the weak scale, and in the SMEFT at tree level.

Apart from the above-mentioned BSM signals, the ultracold neutron beta decay exper-
iment UCN7T might open a window on BSM physics, via the neutron lifetime anomaly and
the observation of sidereal and annual modulations in the decay rate. Although such effects
cannot be generated by the SMEFT, they could be effects could be driven by dark matter
(DM) or by new interactions that violate Lorentz symmetry.

Realizing the full potential of 5 decay experiments demand a joint theoretical and exper-
imental effort, producing accurate theoretical calculations and thorough experimental data

analysis. This challenge must be addressed by making progress on three parallel fronts:

1. Advancing theoretical frameworks for BSM
2. Improving the precision of SM calculations

3. Enhancing the accuracy of experimental analyses.

In this thesis, all three approaches are employed to improve the sensitivity of beta decay

experiments to potential signatures of BSM physics with the use of EFT.
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Figure 1.3: Constraints in the V5 — V,,s plane. The green bar corresponds to V,,; constrained
from Kaon decay (K — wly;) [I], the blue bar corresponds to the ratio V,s/Vyq obtained
from the branching ratio I'(K — lv;)/ I'(m — pvy,) [2], vertical line comes from beta decay:
red from superallowed (0™ — 0%) beta decay [3] and pink from neutron decay rate [4].
The black line denotes the unitarity circle, while the yellow ellipse is 68% C.L. of all four

combined measurements. Figure taken from Ref. [5]

1.2 Nuclear forces

Nuclear forces refer to interactions occurring between two or more nucleons (protons and
neutrons). The fundamental theory describing these interactions is quantum chromodynam-
ics (QCD), which governs the behavior of quarks and gluons. QCD has an impact on nuclear

forces in two primary ways. First, it dictates the dynamics of quarks and gluons within in-
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dividual nucleons, and second, it gives rise at longer distances to the effective interactions
between nucleons themselves [102]. These interactions are responsible for binding nucleons
together to form atomic nuclei.

There are several reasons why we want to study the nature of nuclear forces. First
of all, nuclear interactions describe all properties of nuclear systems such as binding en-
ergies, radii, shapes, and excitation spectra of nuclei, as well as their stability and decay
modes [103,[104]. A proper understanding of these forces allows for the construction of actual
nuclear interactions, which can describe and predict the behavior of both stable and exotic
nuclei in the nuclear chart. Moreover, nuclear forces govern the equation of state of dense
neutron-rich matter, which is essential for describing the interior structure and evolution of
neutron stars [I05]. Constraints on these forces, particularly at high densities, are crucial
for interpreting astrophysical observations, such as gravitational wave signals from neutron
star mergers [I06]. Finally, precise knowledge of nuclear interactions is needed to provide
a clean laboratory for probing physics beyond the Standard Model. Nuclear observables,
especially those measured with high precision in beta decay, neutrinoless double beta decay,
parity violation experiments, or searches for electric dipole moments, can be sensitive to
subtle signatures of new interactions. Interpretation of these experimental signals requires
understanding BSM effects in nuclear environments, making nuclear physics a necessary tool
in the search for new fundamental forces and particles.

There are several important properties of strong interactions that need to be reproduced
by an Effective Field Theory description to provide an accurate low-energy description. First,
as the name suggests, they are the strongest out of all four known fundamental forces acting
in nature [I07]. Despite its strength, their range is of the order of ~ 1 —2 fm, corresponding
roughly to the size of a nucleon [I03]. This might be explained by the fact that in the
low-energy regime, the nuclear force between nucleons emerges as a residual interaction due
to pion exchanges and processes at shorter distances.

Nuclear forces are approximately charge independent. That means to a good approxi-
mation, the interactions between neutron-neutron, which are charge neutral, neutron-proton
and proton-proton pairs are the same once electromagnetic effects are removed [108]. This

reflects the approximate isospin symmetry of QCD, which treats protons and neutrons as
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two states of the same nucleon isospin doublet up to small effects due to the quark mass

difference.

However, these forces are spin-dependent. The nuclear forces vary with the relative spin
orientation of nucleons — it is stronger for parallel aligned spins, and weaker for anti-aligned.
A well-known example illustrating this effect is the deuteron, a bound state of a proton and

neutron, which exists only in the spin-triplet channel.

One of the important consequences of the properties of nuclear forces discussed above is
the saturation property of nuclei. This phenomenon is related to the fact that the size of
nuclei increases proportionally to the number of nucleons within it, and its approximately
constant for the binding energy per nucleon is constant for different mass numbers of nuclei,
which is crucial for the stability of matter [109) 110]. Physically, this arises because the
nuclear force is both short-ranged and strongly repulsive at very short distances, prevent-
ing nucleons from clustering too tightly, but attractive at larger distances. First evidence
of this property was observed in the deuteron, which has a non-vanishing quadrupole mo-
ment. Moreover, the Pauli exclusion principle for fermions (protons and neutrons) further
limits the phase-space overlap among nucleons. An EFT displays this behavior, typically
through the contact interactions and one-pion exchange terms that capture both the short-
range repulsion and intermediate-range attraction between two nucleons, characteristic of
the nuclear potential [111] [112]. The existence of a maximum in the nuclear binding energy
per nucleon (E/A) near iron, corresponding to the saturation density of symmetric nuclear
matter, is known as saturation. In effective field theory (EFT), this phenomenon arises from

the interplay between two-nucleon (2N) and 3N forces.

Nuclear forces in EFTs

The development and application of effective field theory (EFT) methods to low-energy
nuclear processes has had a profound impact on our understanding of nuclei and dense
nuclear matter encountered in neutron stars [I11l 112]. Pioneering work by Weinberg laid
the foundations for describing interactions between nucleons in a systematic EFT approach

[102, 113] that exploits the separation of energy scales and is consistent with the symmetries
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of QCD. Chiral EFT describes interactions between nucleons at energy scales comparable
to the pion mass but much smaller than the mass of the heavier mesons, such as the p
meson. This theory organizes the operators involving nucleon and pion fields in a momentum
expansion in which higher-order terms are suppressed by powers of (p/Ap or m,/Ap), where
p is the typical momentum scale of the considered process, m, is the pion mass, and Ap
is the breakdown scale associated with an EFT. The numerical values of the coefficients
of the operators in the expansion, called the Low Energy Constants (LECs), are fixed by
matching to experiments, or possibly from lattice QCD. A particularly attractive feature of
the EFT approach to nuclear interactions is that it includes many-body forces naturally and
organizes them in a useful hierarchy that is consistent with the momentum expansion of the
two-nucleon force (2NF).

The 3N force plays a critical role in describing observables [114, [115] such as the nuclear
binding energies and radii [IT6HI28|, the saturation properties of nuclear matter [129-131],
and the equation of state (EOS) of dense neutron-rich matter in neutron stars |8, 132HI35].
Although the magnitude of its contribution to these quantities depends on the resolution or
regularization scale of the calculation, often defined by the momentum cut-off denoted by
A, for the typical values of A ~ 450 — 500 MeV, the 3N force is essential to stabilize both
nuclei and neutron stars. Without the 3N force, the nuclear binding energy and saturation

density would be too high, and the maximum mass and neutron star radii would be too low.

1.2.1 Outline of this thesis

This thesis is organized as follows. In Chapter [2] we introduce the theoretical frameworks
used in the thesis. It reviews the general philosophy and construction of effective field
theories and presents two specific examples, relevant for the subsequent discussion: the
Standard Model Effective Field Theory (SMEFT) used for model-independent analysis of
new physics, and Chiral Perturbation Theory (ChPT) which describes low-energy QCD
and nuclear forces. The operator classification, symmetries, and power counting schemes

relevant to both theories are discussed in detail.

Chapter [3] focuses on the application of EFT methods to neutron and nuclear beta decay.
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We start with the description of the UCNT experiment that measured the neutron lifetime.
We subsequently describe the neutron lifetime anomaly as a window for probing physics
BSM. Then, in Subsection [2.1] we describe and present the formalism for incorporating
SMEFT contributions to beta decay observables at the one loop level and the renormalization
group evolution of operators relevant for low-energy observables. Apart from describing BSM
effects, we pay particular attention to radiative corrections to the SM predictions, which are
crucial for reducing theoretical uncertainties in tests of CKM unitarity.

In the chapter [, we present our research on three-nucleon forces in chiral EFT. It iden-
tifies a previously neglected operator—the so-called da, fo, and ey term—as an essential
component for the renormalization of the three-body system. The chapter analyzes the con-
sequences of promoting this operator to leading order, including its impact on nuclear and
neutron matter, and discusses its relevance for the chiral expansion of many-body nuclear
interactions. In the last Chapter 5| we summarize the main findings of this work, highlight
their implications for both theory and experiment, and outline potential directions for future

research.
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Chapter 2

EFFECTIVE FIELD THEORIES

Effective Field Theories are theoretical frameworks that describe low-energy physics,
where “low” is defined relative to a certain high-energy scale A representing the boundary of
our ignorance, beyond which the details of the underlying physics are “integrated out” [10,
12]. This means that the dynamics at low energies do not depend on the specific details of
high-energy physics, allowing for a controlled and model-independent description of relevant
phenomena as long as the energy of a process E is smaller than A. When E ~ A the effective
theory breaks down. In practice, an EFT is formulated as an effective Lagrangian containing
an infinite series of local operators constructed from the relevant low-energy fields, organized
as an expansion in powers of the ratio of the small parameter to the high-energy scale E/A.
The effects of fields with masses heavier than A are now encoded in coupling constants of
these operators, capturing their impact without explicitly including them as propagating
states [136]. This approach is based on the observation that the non-analytic properties of
scattering amplitudes come from intermediate processes in which physical particles can exist
on-shell. Consequently, if virtual particles are too heavy to be physically produced, their
contributions to the amplitude can be systematically expanded in powers of p?/M?, where
M is the energy of the heavy particle, and p represents the typical momentum scale of the
process [137].

This concept is well illustrated by an example of the use of an EFT, which is Fermi’s
effective theory of beta decay, formulated before the development of the electroweak theory
of weak interactions [22]. Beta decay, one of the central topics of this thesis, is a weak
interaction process in which a neutron decays into a proton, an electron, and an electron
antineutrino as in Eq. In the Standard Model, this process is mediated by the W~
boson, whose mass is approximately 80 GeV, which is significantly larger than the typical

momentum transfer () ~ MeV involved in the decay. At such low energies, the W~ boson
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propagator can be approximated by a local contact interaction

—Guw + qMQV/M[%V P<<ME, Guv

M2, ME, (2.1)
This yields the effective Lagrangian with a contact interaction
Lp=——GpnT! : (2.2)
V2 H
with the charged weak current
Jy= Zuﬂ/u —5)Vijdj + Z (1 —s)l (2.3)

where V;; is the Cabibbo-Kobayashi-Maskawa mixing matrix, and the Fermi coupling con-
stant is given by

Gr_ ¢
V2 8ME,

(2.4)

This approach captures all low-energy effects of weak interactions without including ex-
plicitly the details of W~ boson exchange, showing how heavy degrees of freedom can be
systematically integrated out at low energies. In this case, the underlying theory is known
to be the Standard Model, making it an example of a top-down effective field theory (EFT).
Here, the EFT is derived directly from the high-energy theory by integrating out heavy
degrees of freedom, yielding an effective description valid at lower energies. In contrast,
Fermi’s original theory of weak interactions was formulated before the Standard Model was
established and thus represents a bottom-up EFT, constructed without assuming detailed
knowledge of the underlying high-energy theory.

EFTs offer several advantages. They simplify calculations by focusing only on the relevant
degrees of freedom and interactions at a given energy scale. This allows one to work within
only a single scale at a time. EFTs are also model-independent. It is not necessary to know
the details of the underlying fundamental high-energy theory, but it can still include the
effects of new physics in terms of coefficients of the effective Lagrangian. This was illustrated
above by Fermi’s effective theory of weak interactions. Nowadays, a similar framework is
employed to describe physics BSM through effective interactions formulated within an EFT.
An exapmle of such a theory is the Standard Model Effecitive Field Theory (SMEFT). EFTs
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can also be used to describe a known underlying theory when direct calculations within it
are too complex. A well-known example is Chiral Perturbation Theory (ChPT), which will
be discussed in detail later.

Furthermore, EFTs are systematically improvable; calculating higher-order corrections
improves the precision of predictions [10} 1306].

Constructing an EFT follows a general strategy formulated in the so-called “EFT theo-

rem”, formulated by Weinberg [138], which involves three key steps:

1. Identify the relevant energy scales, in particular the high energy scale A, together with

the relevant expansion parameter,

2. Determine the appropriate degrees of freedom active below A,

3. Write down all operators consistent with the symmetries of the system, organized

according to a power-counting scheme.

This procedure ensures that the resulting theory captures all low-energy physics allowed by
symmetry while parameterizing possible new high-energy effects.

Figure [2.1] illustrates the examples of EFTs that work at different energy regimes and
describe different precision tests of the Standard Model and searches for new physics. At
the highest energies, beyond the Standard Model (BSM) physics is parameterized by new
degrees of freedom with characteristic masses at or above a scale A. Examples of theoretical
frameworks describing physics at that scale include Supersymmetry, which stabilizes the
Higgs mass and provides a dark matter candidate, or the previously mentioned the seesaw
mechanism, which explains the smallness of neutrino masses via heavy states.

Below the scale A, the heavy fields introduced by the BSM frameworks are integrated out
leading to the SMEFT at energies below the new-physics scale. Examples of processes that
can be described within the SMEFT framework include high-energy collider experiments
such as those at the LHC. In this case, the EFT description is valid only if the scale of
new physics A is sufficiently higher than the typical energy reach of the experiment. Before
applying SMEFT to LHC data, one must first ensure that there are no signals from direct
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searches (such as resonant “bumps”) indicating new particles within kinematic reach, and
subsequently verify that the fitted EFT scale is not so low as to undermine the expansion’s
validity [139, [140].

At the electroweak scale, the heavy SM fields (the W*, Z, Higgs boson, and top quark)
are also integrated out, leading to the Low-Energy Effective Field Theory (LEFT). This
framework is used to interpret precision low-energy observables such as (g — 2)c,, B, and 7
decays.

At energies below the characteristic A, scale of order O(1 GeV), the relevant degrees of
freedom pions, nucleons, and other particles with masses smaller that A, rather than quarks
and gluons, and their dynamics are described by Chiral Perturbation Theory. Originally
developed as a low-energy effective theory of QCD for processes involving pions and nu-
cleons, ChPT provides a controlled expansion in powers of momenta and pion masses, and
serves as the foundation for describing both strong and electroweak processes at hadronic
scales. When applied to few-nucleon systems, Chiral EFT extends ChPT by incorporating
nucleon-nucleon and three-nucleon forces generated by pion exchange and short-range con-
tact interactions, enabling a unified treatment of nuclear structure and reactions from the
same symmetry principles that underlie QCD.

Below the energy scale of order O(100 MeV), pions are integrated out, leading to pi-
onless nuclear EFT for few- and many-body nuclear systems. These two latter theories
describe processes such as nuclear beta decay, neutrinoless double beta decay, or electric
dipole moments of nuclei.

One can move along the energy scale within an EFT using renormalization group equa-
tions (RGEs), which describe how theoretical parameters evolve as the characteristic scale
changes.

The Renormalization Group (RG) is a set of mathematical techniques used in quantum
field theory (QFT) and statistical physics to quantify the scale dependence of the theoret-
ical description of a given physical phenomenon. Every physical theory is defined at some
characteristic scale u, e.g., of energy, momentum, or length. In most QFTs, such a scale
must be introduced in the process known as “regularization”, to regulate the ultraviolet (UV)

divergences that appear in the theory, both at the perturbative and non-perturbative level.
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Regularization deals with the divergences, but requires the introduction of an arbitrary
dimensional parameter p. In the process of renormalization, this parameter gains an inter-
pretation of the theory energy scale, and parameters of the theory become p-dependent. The
parameters of interest are usually couplings and masses, and RGEs appear under the name
of the Callan-Symanzik equations for the correlation functions of the quantum fields. From
them, one obtains differential equations for the couplings and masses. These equations are
equivalent to the condition that the physical predictions of the theory shall not depend on
1, once the initial values of all parameters for a particular pg are established. Consequently,
the parameters of the theory become u-dependent in such a way that the observables stay

p-independent [147].

In the context of an EFT, RGEs play an additional role by describing how operators
evolve and mix when running from one energy scale to another. When moving between the-
ories with different particle content, such as integrating out heavy degrees of freedom when
transitioning from the Standard Model Effective Field Theory (SMEFT) to the Low-Energy
Effective Field Theory (LEFT), one employs the matching procedure. Matching requires
that the amplitudes computed in the higher and lower energy theories of physical processes
be equal at the energy scale where the two effective field theories meet. Together, the RGEs
and matching procedure enable a consistent connection between new-physics effects at high

energies and precision observables at low energies. These two procedures are crucial in the

Section 2.11

In the next sections of this chapter, we focus on two EFTs central to this thesis: the
Standard Model Effective Field Theory (SMEFT) and Chiral Perturbation Theory (ChPT).
SMEFT provides a systematic framework for searching for physics beyond the Standard
Model through precision studies of low-energy processes, including beta decay. ChPT, on
the other hand, is essential for describing hadronic and nuclear interactions at low energies,
particularly the many-body forces that govern nuclear structure and dense matter. In the
following sections, we review the formulation and key features of each theory, providing the

theoretical background for the original research presented in later chapters.
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Figure 2.1: Hierarchy of effective field theories across energy scales. At the highest en-

ergies (A), new physics beyond the Standard Model may appear. Between the BSM and

electroweak scales (~ 100 GeV), SMEFT provides a systematic description of possible new

physics effects. Below the electroweak scale, LEFT captures the dynamics of Standard Model

particles after integrating out heavy electroweak fields. Around the QCD scale (~ 1 GeV),

Chiral Perturbation Theory describes pion—nucleon dynamics and nuclear forces, while at

nuclear scales (~ 100 MeV), pionless EFT describes systems of non-relativistic nucleons.

2.1 Standard Model Effective Field Theory

The shortcomings of the SM suggest that it is an incomplete description of nature. One of the

most compelling issues is the masslessness of the SM neutrinos, which contradicts neutrino
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oscillation experiments. Another unfavorable issue with the SM is called the hierarchy
problem. According to the theory, the mass of the Higgs particle acquires large quantum
perturbative corrections from the virtual quanta which are coupled to the Higgs boson drive
its mass to values much larger than observed, requiring unnatural fine-tuning. Furthermore,
there is a lack of satisfying description of the dark matter and dark energy within the SM.
Cosmological observations indicate that about 27% of the Universe mass comes from the
dark matter, and about 67% from the dark energy, leaving only about 5% for the visible
matter described by the SM.

If the new physics resides at a mass scale much higher than current experimental energies,
its effects at low energies can be captured using an effective field theory (EFT) expansion,
with the SM appearing as the leading term [16], 142, [143]. The resulting theory is the Stan-
dard Model Effective Field Theory, is an EFT constructed from the Standard Model fields
and invariant under the full SU(3)c x SU(2)r, x U(1)y gauge symmetry of the SM. In ad-
dition to the renormalizable (dim < 4) interactions, SMEFT includes higher-dimensional
operators that encode the virtual effects of heavy particles, suppressed by inverse powers of a
new physics scale (A). This theoretical framework allows for a systematic exploration of pos-
sible deviations from Standard Model predictions, originating from high-scale (ultraviolet)
new physics [17), [144].

The SMEFT Lagrangian contains the regular SM Lagrangian Lgyr, which is treated now
as a leading order of the SMEFT, along with the higher-dimensional operators as assured

by the Appelquist—Carazzone decoupling theorem [145]

_ 1 ) H6), L (6) (6)
LsmerT = Lsm + ;C( QW) + UQ%:C/g Q)+ ... (2.5)

Here Q,(g) denotes all possible effective operators of canonical mass dimension ¢ and C’]gi) are
the corresponding effective constants called here Wilson coefficients |16} [I7]. For convenience,
we have defined the coefficients to be dimensionless, so that they scale as C,gi) ~ (v/N)i4,
where v ~ 246 GeV is the Higgs vacuum expectation value.

The first operator appearing above the renormalizable Standard Model terms has mass

dimension five. At this order, there exists only a single possible gauge-invariant operator
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that can be constructed from Standard Model fields, given by
1 .
L0 = —cOeik (Lol HiHy + hee. (2.6)
v

where, r, s are flavor indices, and i, j, k, [ are SU(2)r, gauge indices. This term is known as
the Weinberg operator [142]. After electroweak symmetry breaking, where the Higgs field H
acquires its vacuum expectation value H — (0,v)/ V2, this operator generates a Majorana

mass term for the left-handed neutrinos vy,
£ c<5>%agyL . (2.7)

This operator violates total lepton number by two units; it provides a natural and elegant
explanation for the smallness of observed neutrino masses, linking their scale directly to the
suppression factor v?/A (recall that C®) ~ v/A). This operator is the EFT description of
the seesaw mechanism, in which, for example, heavy right-handed neutrinos are integrated

out, leaving behind a low-energy effect consistent with observed neutrino properties.

2.1.1 Dimension-siz operators in the SMEFT

The first interactions relevant to this work arise at mass dimension six (dim = 6). At this
order, the SMEFT includes all gauge-invariant, dimension-six operators constructed from
Standard Model fields. This analysis employs a general flavor structure and adopts the
widely used Warsaw basis [I7], which provides a complete and non-redundant set of such
operators.

These operators can be classified into eight distinct types based on their field content
X3, HS H*D? X?’H?, *H?, v?XH, ¢?*H?D and ¢* (2.8)

where X denotes a field-strength tensor, H the Higgs doublet, D a covariant derivative, and
¥ a generic fermion field. In the absence of flavor indices (i.e., for a single generation), the
Warsaw basis contains 59 independent baryon-number-conserving operators, all of which fall
into one of the categories listed above. However, when all possible flavor combinations are
included, the number of independent operators grows to 2,499 [146]. This complete flavor

treatment is essential for capturing the full range of potential BSM effects, particularly in
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processes involving first-generation quarks and leptons, as well as loop-level contributions
from heavy flavors.

In the following, we discuss several representative examples of dimension-six operators
relevant to this work. We begin with four-fermion operators of the 1* class. In particular,
we focus on four-quark operators, which can contribute to charged-current processes through
loop-level effects within SMEFT.

There are four possible independent gauge-invariant color and weak isospin structures
for the interactions with four left-handed quarks that can appear in the bilinears, which can

be written schematically as:
101, 7 TAeT4, 1°T4e T4, (2.9)

where 7% are the SU(2);, generators and T are the SU(3)c generators. These structures
determine the transformation properties of the operators under the SM gauge group and
dictate how they mix under renormalization and contribute to physical processes. Now

using Fierz identities, such as

(17 Pribe) (Vs Praps) = (Y17, Priba) (¥sy" Priba) (2.10)

together with the group-theoretical identity
(T4 = 6365 — 1/(2N)d50; | (2.11)

one finds that the only non-redundant color and isospin structures are the singlet 1 ® 1, and
triplet 7¢ ® 7% N is a number of colors.
These structures correspond to different contractions of the quark bilinears and give rise

to distinct classes of four-quark operators in the SMEFT. For example, the operators

Q(éét = (BT (@7 a), (2.12)

prs

QU = @' a) (@) (2.13)
prs

where color indices summed over and not explicitly displayed. These operators preserve

chiral structure and can mix into semileptonic operators under renormalization group (RG)

evolution. In particular, g?é) can contribute indirectly to charged-current observables such
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fermions scalars

field lg ep qg Up dy Hi

(@mSUB)c] dm[SU@)w].Y) | (L2.-3) (LL-1) 328 (12 GL-1| 121

Table 2.1: The SM matter content.

as beta decay, even if its Wilson coefficient is zero at the low scale, due to operator mixing
involving top and bottom quarks.

The SM matter content is summarized in Tab. with isospin, and generation indices
denoted by j=1,2, and p =1,2,3, respectively. Chirality indices (L, R) of the fermion
fields will be skipped in what follows. Complex conjugate of the Higgs field will always occur
cither as HT or H, where (H)’ = ¢,(H*)*, and ¢;3, is totally antisymmetric with ejo = +1.

Similarly, for four-lepton operators, one may construct only the singlet and triplet

Qu = Tyl (') (2.14)
Q) = (Wl m Vi) G [ 15017 (2.15)
prst

Using Fierz identity together with SU(2) version of Eq. (2.11))

(79} [7°1k, = 26}, & — 656%, (2.16)
the triplet becomes
(3) — l_ a ’Ll] l_ wr.—alk m
Q 1 (IP'WL[T ]j r)( ks? [T ]mt )
prst
= (ZZp'Yul])(ljs'VulZ) - (EPVuli)(Z_jS'Yuli)
= 2Qu —Quyu - (2.17)
ptsr prst

This shows that the triplet Ql(l?’) is not independent, but it is a linear combination of singlet-

type operators. Hence, only one of them needs to be retained in a minimal operator basis.
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However, this simplification does not hold for mixed lepton-quark operators, where Fierz
rearrangement does not lead to any relation that can be used to elmininate any operator.

For example, the Warsaw basis includes

qut :([iPVMZi)(QjS’Y“qg) ) (2.18)
prs

3 7 alt 15\ ( = a m
QD = Typylr i) @ [T (2.19)
prst

In this case, singlet and triplet structures are genuinely independent and must both be
included in the operator basis.

The other class of operators used in this thesis is of the form ?H?2D, consisting of two
fermion doublets, two Higgs doublets, and a covariant derivative containing the electroweak
gauge bosons. The two Higgs fields can form either an isospin singlet or a triplet, leading to
two independent sets of operators. These operators involve either two left-handed leptons

or two left-handed quarks. For the isospin singlet case, the operators read

QY = (H''D ,H)[Tn") . (2.20)
pr
Q%; = (HY'D . H)(g:7"a:) . (2.21)
and for the isospin triplet
@ = @D ) (2.22)
pr
Qi = (YD W H) (@"ar) (2.23)

Here, the gauge-covariant derivative is defined as
I
. . T .
D, =10, + igsT*Gy + zngWJ + ig1Y B, (2.24)

where, T4 are the SU(3) generators, 77/2 are the SU(2) generators, Y is the U(1) hy-

A
'LL7

g2, g3. The Higgs field in the unitary gauge is given by H = /1/2(0, h + v)T, with

percharge, while B, Gi/, and W/f are the gauge fields with corresponding couplings g1,
~ . . L . S _B %
H = iroH*. Finally, the combinations of covariant derivatives are given by D, = D,— D,
Red
and D fL =7l Bu — BMTI , while the subscripts p, r represent flavor indices.
These operators are directly involved in beta decay, as they correct the W-boson in-

teractions with quarks and leptons with either leptons or quarks. In the weak basis, the
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operators with flavor indices p = r = 1 contribute at tree level. In addition, loop-level
insertions of these operators with different flavor indices can contribute to beta decay via
quantum corrections.

The presence of the two Higgs fields H? ensures gauge invariance under the full elec-
troweak symmetry SU(2);, x U(1)y. After electroweak symmetry breaking, these Higgs
fields are replaced by their vacuum expectation values and effectively shift the couplings
of the electroweak gauge bosons to fermions. As a result, the W-mediated charged-current
interaction relevant for beta decay receives additional contributions, even though no physical
Higgs bosons appear as external particles in the process.

To connect the high-energy Standard Model Effective Field Theory (SMEFT) description
to low-energy observables, these operators must be evolved down to the experimental scale
using renormalization group equations (RGEs). Below the electroweak scale, heavy fields
such as the W, Z, top quark, and Higgs boson are integrated out, resulting in the Low-
Energy Effective Field Theory (LEFT), which contains only light quarks, leptons, gluons,
and photons [147]. This step is essential for incorporating QCD and QED corrections and
provides the starting point for the low-energy Lagrangian.

The SMEFT is later used in this thesis in Section 2.11

2.2 Chiral Perturbation Theory

At energies well below the QCD confinement scale, A, ~ 1 GeV, quarks and gluons are
confined inside hadrons, and perturbative QCD methods cannot be applicable. In this non-
perturbative regime, it is useful to utilize the approximate symmetries of QCD rather than
attempt direct calculations with quark and gluon degrees of freedom.

For the two lightest quarks (up and down), the smallness of their masses compared to A,
gives rise to an approximate chiral symmetry, which turns out to be very useful in describing
theory for describing low-energy hadron dynamics [12]. The QCD Lagrangian for these two

lightest quark flavors reads
0 1 - _ _ _
ﬁEQ)CD = —ZTT(GWG“”) + gy Dypqr + iqry* Dpqr — G Mqr — qrMaqy, (2.25)

where g, g = (1 F v5)q/2 are respectively left and right quarks, and M is the quark mass
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matrix.

"] M= . (2.26)

In the limit of vanishing quark masses M — 0, this Lagrangian exhibits a global U(2), x
U(2)r symmetry, corresponding to independent unitary transformations of the left- and

right-handed quark fields. This symmetry can be decomposed into
U(Z)L X U(Q)R = SU(Q)L X SU(Q)R X U(l)v X U(l)A . (2.27)

Here SU(2)1, x SU(2)g represents independent isospin rotation of left- and right-handed

quarks, under which
qri — Lijqr; s qrj — Rijqrj , (2.28)

where R and L are independent SU(2) matrices. U(1)y is a vector symmetry whose con-
served current is the difference between the number of quarks and antiquarks, called baryon
number; and U(1)4 corresponds to axial rotations. The U(1)4 symmetry, however, is ex-

plicitly broken by the Adler—Bell-Jackiw anomaly [148] 149], leaving the symmetry group
SU(2)L X SU(Q)R X U(l)v (229)

The SU(2)1, x SU(2)g part is not fully realized in the physical spectrum. Instead, only
its vector subgroup SU(2)y, defined by transformations where the left- and right-handed
rotations are equal (associated with taking R = L). This subgroup is known as isospin, under
which hadrons can be classified according to their transformation properties: for instance,
the proton and neutron form an isospin doublet, while the three pions form an isospin triplet.
Isospin symmetry is, however, only approximate, as evidenced by small mass splittings within
these multiplets, primarily due to the difference m, # mg and electromagnetic effects.

The axial supgroup, defined by transformations with R = L, is not realized in the
hadronic spectrum. If this axial symmetry were exact, one would expect hadrons to have
degenerated multiplets with opposite parity, which is not observed in experiments. The

absence of such degeneracy indicates that the chiral symmetry is spontaneously broken to
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its vector subgroup SU(2)y. This spontaneous breaking gives rise to massless Goldstone

bosons, identified with the pions in the limit of vanishing quark masses [150].

According to Goldstone’s theorem [I51] [152], the spontaneous breaking of the global
chiral symmetry implies the existence of three massless Nambu—Goldstone bosons, iden-
tified with the lightest pseudoscalar mesons, the pions. Their small but nonzero masses
originate from the explicit breaking induced by the quark mass matrix in the QCD La-
grangian [12, [I53]. The spontaneous symmetry breaking is characterized by a nonvanishing

quark condensate, which acts as the order parameter:

(Olgqlo) # 0, (2.30)

where ¢ denotes the light quark fields. This object transform as a (2,2) under SU(2)p x
SU2)r

(01Gr,q1,10) = Lim (01qr, qz,,10) RY; = E*(LRY);; = E* Uy; (2.31)

here F is a dimensionful parameter and characterizes the strength of the quark condensate.
If L = R then U;; = §;5, and the vacuum preserves the diagonal subgroup SU(2)y symmetry.
In this case, the condensate is invariant under vector transformations and thus leaves the
SU(2)y symmetry unbroken. However, if L # R then U;; corresponds to a different vacuum
orientation from Eq. (2.31)), and if it wasn’t for the explicit breaking of SU(2)y, x SU(2)p all
these vacua would be physically equivalent. In the absence of explicit symmetry-breaking
terms—such as the quark mass matrix in the QCD Lagrangian—all such vacua would be
physically equivalent, forming a degenerate manifold. The presence of small but nonzero
quark masses lifts this degeneracy, explicitly breaking SU(2); x SU(2)r and selecting a
unique vacuum aligned with the mass terms. This is the reason that < gq ># 0, while
< cj’y5q >=0.

A convenient way to parameterize the vacuum orientation and pion fields is via the

unitary matrix

U— U(x) = exp(2ip(x)/Fr) , (2.32)
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where F; ~ 92 MeV is the pion decay constant and

a0 ot
o) = Ga(a)T, = “f 10 | (2.33)
T

collects the pion fields. This provides a natural basis for constructing the chiral effective
Lagrangian, however, to do so, one must first specify the transformation properties of U(x)
under the chiral group [154]:

U(x) — LU(z)R' . (2.34)

2.2.1 The ChPT Lagrangian at the lowest order

At this stage, one may construct the ChPT Lagrangian by following the general strategy
used for any effective field theory (EFT) [10, 12, 136]. This involves three key steps: (i)
identifying the relevant degrees of freedom, (ii) specifying the symmetries that govern their
dynamics, and (iii) determining the small parameter that organizes the perturbative expan-
sion. With these elements specified, one writes down the most general Lagrangian consistent
with the symmetries, with interactions ordered according to their importance in powers of
the expansion parameter. In the case of ChPT, the relevant degrees of freedom are the
pseudo—Nambu—Goldstone bosons, associated with the spontaneous breaking of chiral sym-
metry, namely the pions, along with other particles whose masses are smaller than the QCD
scale Ay, ~ 1 GeV. These include, for instance, light leptons and, when considering baryonic
sectors, nucleons treated within the heavy baryon formalism [I55] [I56]. The symmetries of
the ChPT Lagrangian include the spontaneously broken chiral symmetry. Lorentz symmetry
is preserved in the mesonic sector. In the heavy-baryon formulation, Lorentz symmetry is
only preserved order-by-order in the EFT expansion at the level of observables. In ChPT,
there are three distinct energy regimes: (i) in processes such as beta decay, a low-energy scale
appears, corresponding with external momenta ¢.;¢ of the order of electron mass, m, ~ 1
MeV; (ii) the nuclear scale p, set by the mass of pion mg, kr (the typical momentum of
nucleon bound in a nucleus), and the pion decay constant F; ~ 100 MeV; (iii) the hadronic

scale, associated with the QCD scale Ay ~ my ~ 1 GeV. The ChPT expansion parameter is
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given by the ratio of the low to the higher energy scale. This gives the expansion parameters
Geat << p << Ay << My . (2.35)

where, Ay ~ 47F; ~ 1 GeV.

Therefore, from the hierarchy of energy scales, one can identify three distinct expansion

Gex Gex p
€recoil = @ <m7:> ) €t = @ ( A;) s €x = O <AX> . (236)

For nuclear forces, achieving sub-percent theoretical accuracy requires going beyond the

parameters:

leading chiral interactions and including recoil and electromagnetic effects. For example,
accurately describing binding energies requires including O(e,) corrections.

In electroweak processes such as beta decay, the needed precision calculations involve
contribution of order O(a), O(a €y), O(a €recoit) ,O(c €4) as well as selected leading effects
at O(a?), where a = €2?/(4r) is the fine-structure constant. As mentioned before, such
corrections are required to match the experimental sensitivity at the 10™% level of CKM
unitarity tests [27), 157, 158].

With the relevant building blocks identified, one can now construct the ChPT La-
grangian. The degrees of freedom include the pions, collected in the matrix-valued field

U(x), and the nucleon isospin doublet

N = (2.37)

where p and n denote the proton and neutron fields, respectively.
At lowest orders, the Lagrangian separates into mesonic, pion—nucleon, and nucleon—nucleon

contributions [12| 102}, 103], [11T]

1 1 1

Lon = 0T M — 5M7%772 + TFT%(W SOpm)(m-OM ) 4+ .., (2.38)

Loy = Nty + f)N _ L N x )N+ TA NG N ., (2.39)
™ 0" 9m 212 2F, o

1 1
LN = _§CS(NTN)(NTN) - §(JT(NTEN)(NTEN) +..., (2.40)
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where F; is the pion decay constant, g4 is the nucleon axial-vector coupling, and Cg, Cr
are low-energy constants parameterizing short-range nucleon—nucleon interactions.

These terms represent, respectively, the pion dynamics, the leading pion—nucleon cou-
plings, and contact interactions between nucleons. Higher-order corrections, organized by
Weinberg’s power counting, introduce additional derivatives and pion fields but are sup-

pressed by powers of 9/A,.

2.2.2 The Weinberg power counting scheme

Power counting (PC) provides a systematic method to determine which terms in the effec-
tive Lagrangian are dominant and to organize calculations in a controlled, order-by-order
manner [102, 111, T13]. Specifically, it establishes a hierarchy among operators based on
the suppression by powers of a small parameter p/A,. In addition, PC provides a way
to estimate the relative importance of different Feynman diagrams, providing a consistent
truncation scheme for nuclear interactions.

For a given diagram, the amplitude scales as

A= (%)V : (2.41)

where the power v is determined from the topology of the diagram and the order of its

vertices. Weinberg’s analysis yields the formula

v=> Vidi—2I,— I, + 4L , (2.42)
A

V; is the number of vertices of type 1,

d; is the number of derivatives of each vertex,

I and I are respectively the numbers of internal pion and nucleon lines,

L is the number of loops.

The factors —2 for the internal pion line account for the propagator momentum dependence

(two powers of momenta in a denominator), and —1 for the internal nucleon line account
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for the propagator momentum dependence in heavy baryon ChPT (one power of momenta
in a denominator). This formula enables one to assign an unambiguous chiral order to any
given diagram, providing the basis for organizing nuclear forces and electroweak operators
within ChPT.

Using topology properties of Feynman diagrams Eq. can be reformulated in the
following useful form, since no internal propagators are taken into account

1
~E, , (2.43)

1
V:ZX/;(di+§ni—2)+2L+2—2
[

where n; is the number of nucleon fields in the vertex of type i and E,, number of external
nucleon lines. For fixed E,,, the expansion proceeds in positive powers, since chiral symmetry
imposes the constraint d; + %nl —2 > 0, which guarantees that no negative powers arise

when adding more derivatives of powers of the quark mass in a vertex.

2.2.8 Many body potential

In a system of interacting nucleons, the many-body Hamiltonian can be expressed as the
sum of kinetic energy contributions and a hierarchy of interaction terms organized by the
number of nucleons involved. This expansion starts with two-body potential and three-body

potential, up to n-body potential, where n is the number of nucleons in the system. It reads

H=) "T+> Vij+ > Vijg+-, (2.44)

1<J 1<j
where T; is kinetic energy part of the nucleon i, V;; is the two-body potential between
nucleons 7 and j, Vi is three-body potential between nucleons 4, j and k, and so on.

A natural consequence of Weinberg’s power counting scheme is that interaction terms
involving fewer nucleons are less suppressed in the chiral expansion. As a result, two-body
forces appear at the leading order, while three-body forces enter at higher orders and are
subleading. Four-body interactions are further suppressed, making them increasingly less
important. This hierarchy of interactions is shown in Fig. 2.2] and will be discussed in

subsequent sections.
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Figure 2.2: Hierarchy of nuclear forces up to N5LO in ChPT. Solid lines represent nucleons

and dashed lines represent pions. This figure is taken from [6]

Weinberg’s approach to construct nuclear forces within Chiral EFT is based on comput-

ing the sum of all irreducible diagrams — that means, diagrams which cannot be generated

through the Lippmann-Schwinger equation. These irreducible terms define the nuclear po-

tential, which is then inserted into the Lippmann—Schwinger equation to resum the reducible

diagrams and obtain the full scattering amplitude [113, [159]. Examples of reducible and ir-
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reducible diagrams are shown in Fig. 2.3

1
-~
- 1r b _-_---4
-~
-
K
S
~
-~ 000 b eamem e = =]
Y
-~
(a) Irreducible (b) Reducible
diagram diagram

Figure 2.3: Irreducible diagrams cannot be separated by cutting only nucleon lines and
represent single interaction events. Reducible diagrams can be split by such a cut, corre-
sponding to intermediate nucleonic states, and are generated by iterating the potential in

the Lippmann—Schwinger equation.

Eq. (2.42) implies that the leading order of the many-body potential appears for v = 0.
At this order, there are only two distinct topologies contributing to the two-body interac-
tion: a contact interaction without derivatives and a one-pion exchange (OPE) diagram. In

momentum space, the resulting potential is given by

94 (7-51G- &
4F? 7+

T

: (2.45)

Vo = Cs + Créfy - 62 — hh-n)
s

where the indices 1 and 2 label the nucleons, g4 ~ 1.25 is the axial coupling constant, Fj ~
186 MeV is the pion decay constant here, and & and 7 are the spin and isospin operators. The
low-energy constants C's and Cp parameterize short-range physics in the spin-independent
and spin-dependent channels, respectively, with no momentum dependence. These LECs are
not determined by symmetry, and must be fixed from experiments such as the NN phase

shift [115] [160].
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For the S-wave channels, the spin and isospin projectors allow the momentum-independent
contact interaction to be expressed in terms of two independent combinations of the low-
energy constants C's and Cp. For the spin-singlet channel (1Sp), the spin operator satisfies

01 - 09 = —3, yielding the effective contact interaction
1So _
Cy*=Cs—3Cr . (2.46)
For the spin-triplet channel (357), one has & - 72 = 1 leading to
Cy% = Cs+C
) =Cs+Cr . (2.47)

These two combinations parameterize all leading-order short-range effects in the S-wave
channels, while the one-pion exchange term in Eq.(2.45)) provides the dominant long-range
contribution [I13]. The contact interaction Cy is of order 47 /(my@), which is of the same

order as the one-pion exchange term, proportional to 1/F2.

2.2.4  Three-nucleon forces

As illustrated in Fig. there are no contributions to the three-nucleon force at next-to-
leading order (NLO). It was shown in Ref. [I13] that all potential contributions at this order
vanish.

Therefore, the leading 3N forces appears at the next-to-next-to-leading order (N2LO)
in the EFT expansion [I14] 161, [162]. These contributions are shown in Fig At this
order, the 3N force consists of (i) a long-range contribution in which two pions are exchanged
between nucleons, (ii) an intermediate-range one-pion exchange interaction, and (iii) a short-
range contribution. The LECs associated with the intermediate- and short-range topologies,
called c¢p and cg respectively, can be fit to several observables, including the binding energies
and radii of tritium and helium, the tritium decay rate, n — d scattering, or by using heavier
nuclei or saturation properties [133], [162H166]. Interestingly, the LECs associated with the
leading long-range part of the 3N force, which is well known as the Fujita Miyazawa force
[167], can be determined by the analysis of pion-nucleon scattering in Chiral perturbation

theory and do not rely on data from multi-nucleon systems.
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The momentum-space potentials associated with the one-pion-exchange contact and the

pure contact 3N force topologies are given by

ga ¢p 0 QG m == =
Vp =-— (7i - 75) (G - @) (2.48)
8F3F£Axi;kq]2-+m3r R
CE
Ve = rme S (2.49)
J#k

The low-energy constants c1, c3,and ¢4, which are associated with long-range two-pion
exchange interactions, are the only LECs from the three-nucleon force that contribute to
pure neutron matter at N2LLO. These LECs are well-known and determined by pion-nucleon
scattering data, being well constrained independently of multi-nucleon data [168, [169]. As a
result, their uncertainties are relatively small, and their impact on observables in neutron-
rich systems, such as the equation of state for neutron matter, is particularly robust. The

momentum-space potential arising from this long-range two-pion exchange takes the form

1/ ga\’ (0i-@)(05 - 0) 0B _a_s
V.= <> Z . ) EXy el (2.50)
2\2Fx ) i (G ma) gy 4 me)
where
401m72r 2c3 ., cq . I
Fii =0 4 G Gl + D e Ok (@ X ) - (2.51)
™ ™ ¥ ™
_____ [ J— L - - - - =
(a) Two-pion exchange (b) One-pion exchange (c¢) Contact term

Figure 2.4: Feynman diagrams of the leading three-nucleon force at next-to-next-to-leading

order (N2LO) in chiral effective field theory.



40

At next-to-next-to-next-to-leading order (N3LO) additional topologies contribute to the
3N force, as illustrated in Fig 2.2} Importantly, no new LECs are introduced in this order
that require additional constraints. All contributions are fully determined by parameters

fixed at lower orders, along with loop diagrams that arise within the chiral expansion.



41

Chapter 3

BETA DECAY

3.1 Neutron lifetime experiment

In the Section we discussed the history of beta decay. In this section, we focus on
the most precise result of measurement of the neutron lifetime 7, [19] using the UCNT
apparatus at the Los Alamos Neutron Science Center, and present the result together with

the description of the apparatus and the method.

The decay n — p + e~ + 7, is the simplest example of S-decay involving baryons. The
mean neutron lifetime 7, provides a key input for predicting primordial light element abun-
dances [I70]. The lifetime, combined with decay correlations, tests the V-A structure of the
weak interaction in the standard model (SM) at low energy while avoiding nuclear struc-
ture corrections [I7I]. Recent and forthcoming neutron f-decay experiments can be used
to extract the magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V4
with a precision approaching that from studies of superallowed 0™ — 0T nuclear transitions.
Furthermore, these tests can probe beyond the SM interactions at energy scales higher than

10 TeV, which are hard to detect at colliders [172, [I73].

The so-called inner electroweak radiative correction to 7, contains model-dependent
hadronic structure and short-distance QCD physics and is the dominant source of theo-
retical uncertainty in the prediction [174]. A recent re-assessment of the inner correction
using a data-driven dispersion relation approach shifts the value of |V,4| extracted from su-
perallowed 07 — 07 decays resulting in a ~ 30 deviation from unitarity in the top row of
the CKM matrix [I75HI77]. This tension between the standard model and experiments has
sparked a renewed urgency to independently examine these corrections. Studies of neutron
decay, with increasing precision, are becoming a theoretically and experimentally robust

standard model test [I76, [I77].
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3.1.1 UCNt method

A significant part of this thesis is devoted to the most precise neutron lifetime measurement
performed by the UCNT collaboration [19]|, of which I was a member. My contributions
to this effort included performing Monte Carlo simulations with the PEN Track, assisting in
the construction and commissioning of the experimental apparatus, and contributing to the

data analysis, in particular the search for sidereal modulations in the neutron lifetime.

The used apparatus is shown in Fig. [3.1] The Ultra Cold Neutrons are produced
in the Los Alamos Neutron Science Center’s proton- beam-driven solid deuterium UCN
source [178], and they are pumped to the apparatus from the left side of the sketch, with
kinetic energy lower than £ < 180 neV. The important feature of UCNs for the theoretical
analysis is that they are polarized by a 5.5 T superconducting solenoid, spin-flipped into the
trappable low-field-seeking spin state using an adiabatic fast-passage spin flipper [179] and
loaded into the UCN7 bowl-shaped Halbach array [I80] over ¢;,44 = 150 s.

A Halbach array is a specific arrangement of permanent magnets shaped like an asym-
metric bathtub, in which the magnetization direction of each element is rotated relative to its
neighbors. This configuration creates an asymmetric magnetic field that increases with the
distance from the bathtub center, forming a magneto-gravitational potential well trapping

neutrons [181].

Once the UCNs are loaded into the magneto-gravitational trap, the bottom of the Hal-
bach array is closed. The arrangement and shape of the electromagnetic coils, which provide
magnetic field prevents UCNs from depolarizing. Then neutrons with kinetic energy £ > 38
neV are removed from the apparatus [7, I82HI84]. The potential of this trap is quite shallow
and equal to Vp ~ 50 neV. The UCNs remain stored in the trap for an additional 20 to
1550 s. This is why this approach is known as the “bottle” method, as neutrons live and die
within the magnetic walls of the trap, and meet their inevitable decay, as though imprisoned
in a bottle. During this whole time, neutrons decay and at the end the surviving neutrons
are counted by “B-coated-ZnS scintillator UCN counter [184] in 210 s intervals. Simultane-
ously, the higher-energetic neutrons are still being removed from the array, preventing any

ultracold neutrons from escaping the trap.
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A key feature of the experiment, crucial both for standard neutron lifetime measurements
and for searches for physics BSM, is the use of two storage cycles — short (ts¢ore < 500 s )
and long (tsiore > 500 s ). Thanks to that, one can extract the neutron lifetime 7,

t — ts

™ g (Ve Y1) (3.1)

where t5 (t;) denotes short (long) time of the run, while Y; = (D; — B;) is the number of
neutrons remaining after storage time ¢;. The choice of storage times should be relatively
close to one another, ensuring sensitivity to potential annual or sidereal variations in the
neutron decay rate.

UCNSs in the loading volume are monitored by four 1°B-coated ZnS detectors (M1-M4 in
Fig coupled to PMTs [185]. These detectors normalize primary counter data, correcting
for changes in UCN source intensity and spectrum, which can vary with source heat load and
crystal quality [I86]. Their signals are processed with thresholds that reject background,

and all channels are recorded by a 1.25 GHz scaler.

filling volume

trap volume
—cleaner

primary detector
----monitor

polarizing 2
magnet P

M, s B

o

M spin-flipper

Figure 3.1: The scheme of the UCNT apparatus configuration, with the volumes occupied by
UCNSs, cleaner surfaces, primary detector, and monitors highlighted. The polarizing magnet
selects the high-field-seeking UCNs. UCNSs are then “precleaned” in the buffer volume, spin-
flipped to the trappable low-field-seeking spin state, and loaded into the trap. The 2017

configuration was the same as that of Ref. [7].
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Data analysis

We performed three analyses A, B, and C. Initially, no extracted values of 7,, were shared
between analyzers, so that analyses developed separately and the data were blinded by
shifting 7, within a +15 s window, by the same factor. After sharing blinded values, we
performed run-by-run comparisons of extracted monitor counts, primary detector counts,
and background estimates between analyzers. The data were unblinded when the three
extracted 7, values agreed to within 0.1 s. Each analysis separately assessed systematic

effects and potential statistical biases.

All analyses proceeded in the following stages. Run quality criteria are developed to reject
runs with poor or abnormal experimental conditions. For each remaining run j, primary
detector events are formed. These events and monitor counts are time binned as in Fig.
[3:2] and rate-dependent corrections are applied to counts in each bin. Corrected primary
detector counts d;(t) are summed during the counting phase to give an UCN signal D;.
A combination of the rates from background runs proximal in time to j, as well as counts
during storage and after counting, are used to estimate background counts B; during the
three counting stages. The monitor detector counts my, ;(t) are time weighted by a function
w(t) and summed for 0 < t < tgy to find monitor signals M}, ;. These are reduced to a single
normalization factor using a regression model f (M ;) — N;. The quantities D;, B;, and

Nj; are then used to find 7, as discussed below.

Analyses identified and removed runs with significant fluctuations of the LANSCE proton
beam during filling and excessive electronic noise while moving the cleaners and primary

detector.

An UCN event in the primary detector is characterized by the presence of coincident
single photoelectron (PE) between the two primary counters (PMTs) within time ¢, (ranging
from 50 to 100 ns among analyzers). Thereafter, subsequent PE are counted for a time ¢,
ranging from 600 to 1400 ns, and this time window is extended if additional PEs are found in
the current window. Total counting times vary between teyent ~ 500 and 4000 ns. Analysis A
(B) requires ny, > 8 (6) PEs in an initial 1000 ns (600 ns) window. All analyses varied these

parameters to test the sensitivity of 7,,. Reference [7] used the raw PE rates (referred to as
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Figure 3.2: (a) Primary detector coincidence counts from analysis A for a typical tgore = 20 s
run cycle. From left to right, the dotted vertical lines mark the time windows for filling,
cleaning, storing, and three counting stages. (b) The count rate during the run cycle for the

monitors deployed in the 2018 analysis.
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Analysis w(t) f Comments
A exp (kt) ciaMyj+ coa My j 1 =1(2) and u = 4(3) in 2017 (2018)
B [1 + exp (7W>] - coB + 0131\7[1,]' + CZB]\:/[QJ a=2, 8=10, ]\7Ik,_7» from PCA of z-scored Mj, ;
C 2727?:1 AU (t|(m — 1)tan, mtan) cicMyj + cacMy,j Ay, chosen to minimize variance in My, ;

Table 3.1: The monitor detector weighting functions w(t) and function f(Mj ;) used to
find run-by-run normalization factor N;. Analysis B z-scores the M} ; over a range of
j and performs a principal component analysis (PCA) to find the two dominant principal
components M, /2,5 Ul(tla,b) is the uniform distribution over (a, b). Note that the coefficients

¢ vary over different subsets of runs (see text).

a “singles analysis” therein) to determine the number of UCNs, which had the advantage of
smaller rate-dependent effects and the disadvantage of poorer signal to background. This
treatment is inappropriate for the current data due to slow drifts in single PE background
rates over the course of the measurement campaign.

This coincidence method gives signal to background for short tsore runs as high as 103.
However, ZnS|Ag|’s long scintillation time constants makes this method subject to rate-
dependent systematic effects from dead time, pileup, and accidental event retriggering due
to delayed scintillation light. Analysis C maintained a time-averaged rate from previous UCN
events within a given run and varied n, event by event using the known time distribution of
the ZnS scintillation. This reduces the possibility of a previous event contributing delayed
PEs to the current event, thereby selecting an otherwise underthreshold event. Upon time
binning events during tcount, analysis C' tabulates the sum of fevent in each bin and performs
an analytic correction to the number of counts in the bin as a function of instantaneous
event rate. Analyses A and B used the measured ZnS scintillation time dependence and
typical UCN count rates to generate pseudo-datasets. These pseudo-data were analyzed and
compared to the true number of simulated counts to develop corrections for rate-dependent
effects.

The choices of w(t) and f(Mjy, ;) for each analysis are given in Table In general, the
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given choices of w(t) deweight counts early in the filling phase, which better predicts the
number of trapped UCNs. Indeed, because the duration of the filling phase is several times
longer than the characteristic time for UCNs to fill the guides and apparatus, a fluctuation in
UCN source output occurring early in the filling phase is less likely to influence the number
occupying the trap by time tgy1. Runs are generally grouped into week- or month-long subsets
between melt and refreezes and other discrete changes to the apparatus or the source. The
coefficients ¢ thus vary among subsets. Analysis B uses a principal component analysis of
the z-scored monitor signals for all monitors [I87]. In practice, two components dominate
and are used in the normalization: the first component tracks the coarse, overall changes
in source output, while the second captures changes in the relative amount of trappable
lower-energy UCNs compared to untrappable higher-energy UCNs.

As was done in Ref. [7], all analyses use the mean arrival time t; = [td;(t)dt over
the counting phase rather than the nominal tso... This corrects for potential run-by-run or
tstore-dependent variation of the characteristic timescale with which UCNs are absorbed by

the primary detector during counting. Using the nominal #sore shifts 7, by 0.01-0.03 s.

Extraction of 7,. We determine 7, by both a “paired” and a “global” analysis. In the
former, pairs of short (j = s) and long (j = [) storage time runs proximal in time are
used to compute Eq. . A bias-corrected weighted average over pairs p gives the final
result. This method is less sensitive to potential time drifts in backgrounds or detector
response. However, the paired method is less statistically sensitive to 7, than the global
method discussed below, as the pairing process reduces the number of runs used in the
analyses. This method finds 7, in agreement with that of the global analysis.
The global method instead maximizes the likelihood of observing the data O = {D;, B;,
My, j,t;} given parameters 7,, p:
L(O|r,p) = [[P . plO) [T (prs) (3.2)
J h
with A\; = 7,/ 1+>\up7j + Adp + Aescape the loss rate including 8 decay, residual gas up-scattering
rate Aup,j, depolarization rate Aqp, and escape rate Aescape described below. The probability

distribution P, the collection of nuisance parameters p, and their constraints 7(p,) vary
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Effect Correction uncertainty

UCN event definition +0.13

Normalization weighting +0.06

Depolarization +0.07

Uncleaned UCN +0.11

Heated UCN +0.08

Al block +0.06 £0.05

Residual gas scattering +0.11 +0.06
Uncorrelated sum 0.17f8:%(25 S

Table 3.2: Systematic corrections with uncertainties to 7, in seconds. The total is an
uncorrelated combination of all systematic corrections. The non-zero corrections here are
applied to the final result. Only the UCN event definition and normalization effects can

decrease the measured 7,.

between analyses. Analysis A computed the Poisson-distributed probability of observing
the primary detector counts D; for a predicted mean number of counts Nj exp(—At;) + B;.
The EMCEE Markov-chain Monte Carlo algorithm [I88] was used to marginalize over ¢4 j,
24,5, and Bj; to find 7, with uncertainty [I89]. Analysis B modeled the D; as quasi-Poisson
distributed [190] with the parameters in the normalization model and extra scaling parameter
in the variance to account for non-statistical fluctuations treated as free nuisance parameters.
A profile likelihood provides 7,, with uncertainty [191]. Analysis C' instead minimizes the
x? of the yields Y; with uncertainties over 7, normalization parameters, and a free scaling

parameter in the variance of the yields. Correlations in the parameter uncertainties are
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incorporated to find 7,, with uncertainty.

Systematic effects. All systematic corrections and their uncertainties are summarized
in Table During 2017, accounting for ~ 34% of the full dataset, a block-shaped 2.5 x
2.5 x 1.3 cm?® aluminum structural component from one of the cleaning surfaces fell into
the trapping volume, leading to an additional loss channel for UCNs due to up-scattering
and absorption on the Al surface. The effect of the aluminum block’s additional material
loss was assessed in a separate, dedicated run wherein the block was covered in polyethylene
foil and reinserted into the same location in the trap. Polyethylene up scatters virtually all
UCNs incident upon the surface, thus providing an estimate of the rate of UCNs impinging
upon the aluminum block. This introduces an additional ~ 424 s decay component to the
yields Y; versus ¢;. Analysis B uses an estimate of UCN velocity-and-angle-averaged loss
per bounce of (24 1) x 10~ for aluminum, leading to a 0.1540.07 s correction to this subset
of data. The other analyses perform similar assessments, and independent checks using our
Monte Carlo framework [192] are consistent with this estimate. Further, this is consistent
with a comparison of paired 7, during this period to the rest of the paired 7, values. The
value in Table is this correction’s contribution to the final 7, for all data.

If UCNs with E > 51 neV (corresponding to the 50 cm height of the trap) are not

-1

escape Similar to

removed during the cleaning phase, and yet reside in the trap for times A
Tn before escaping, the extracted 7,, will be systematically lower. Data were obtained in
2018 wherein the cleaner was never lowered into the trap. For these runs, the cleaner
detector and primary detector both register counts at positions above the cleaning height
during the counting phase, and the extracted 7,, lowered by ~ 15 s, implying an escape rate
Aescape = 2 X 107° s~!. Assuming a linear relation between Aescape and observed counts
in either the cleaner or primary detector, we use the nonobservation of counts in the first
counting phase in the primary datasets to constrain the size of the effect. Similarly, as was
done in Ref. [7], the nonobservation of counts at the highest primary detector position for
tstore > 500 s runs in the primary data are used to constrain the effect of initially trappable

UCNs, increasing their total energy due to vibration of the Halbach array or any other time

dependence in the trapping potential.
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The choice of UCN event definition can change the extracted 7,. Each analysis reex-
tracted 7, for a range of n,, t,,, and any other adjustable parameters to assess the associated
systematic uncertainty. The three analyses observe a variance similar in magnitude (see Ta-~
ble .

The sensitivity of the extracted lifetime to choice of weighting function w(t) was assessed
by defining appropriate model parameter ranges consistent with accurately modeling the
initially loaded UCN populations (e.g., o, § for analysis B), and varying the parameters
within these ranges to probe the effect on the extracted lifetime. Taking the most con-
servative assessment among analyses results in an uncertainty in the lifetime of 0.090 s in
2017 and 0.047 s in 2018 for a combined uncertainty 0.06 s. The nearly 50% reduction in
uncertainty in 2018 is largely due to the buffer volume smoothing over variations in UCN
production while filling.

Depolarization and residual gas up-scattering losses and associated uncertainties were
treated as in Ref. [7]. The toroidal ambient magnetic field strength is unchanged from
Ref. [7], and we assign a depolarization rate of Agp, = 0.0féjg x 1077 s71. The residual
gas up-scattering rate was computed run by run using the measured absolute pressure and
periodic residual gas analysis of the trap. The relative amounts of water, air, and hydro-
carbon molecules were tracked throughout the run campaigns. The up-scattering rate is
computed from these data and from the known UCN-gas molecule cross sections measured
in Refs. [193], 194]. We assign a conservative 15% uncertainty on the absolute pressure and
cross-section uncertainty on water and air from the uncertainties in Refs. [193] [194]. Be-
cause of uncertainty in the relative abundance of hydrocarbons, we apply a 70% uncertainty,

which spans the full range of measured cross sections in Refs. [193, [194].

Results. The extracted 7, values with statistical uncertainties for 2017 and 2018 for the
different analyses are shown in Table [3:3] Table [3:2] shows the systematic corrections and
most conservative uncertainties among the three analyses. Because of differing run selec-
tion, UCN event definition, normalization models, and background estimates, the statistical
uncertainties between the analyses are not 100% correlated. We explored multiple ways of

averaging the three analyses, with little benefit or difference when using optimized estimator
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Analysis A B C
Paired 877.77+0.31 | 877.87 £ 0.32 | 877.60 + 0.29
2017 877.68 +0.30 | 877.78 £ 0.34 | 877.74+0.33
2018 878.06 +0.49 | 877.80 £0.46 | 877.55 + 0.55
With Al 877.17+0.38 | 876.81 +0.43 | 877.69 + 0.40
Full 877.78 +£0.26 | 877.79 £ 0.27 | 877.69 + 0.28
Combined 877.75+0.28

Table 3.3: The resulting 7, (s) for the three analyses with statistical uncertainties. The first
row shows paired results for the full dataset. Below are the global fit results for the 2017
and 2018 subsets, and the subset for which the Al component was present in the trap. “Full”
refers to the global maximum likelihood fit of all production data. An unweighted average

of the three global analyses and largest uncertainty gives the final result.

averaging procedures (similar to Ref. [195]). Ultimately, as in the previous result [7], we
perform an unweighted average of the three central values and choose the largest statistical

uncertainty, giving 7, = 877.75 4 0.28 stat + 0.22/ — 0.16 gy s, in agreement with Ref. [7].

With 0.039% total uncertainty, this is the first experiment to determine the neutron
lifetime with uncertainty smaller than the average 0.09(2)% shift predicted from recent the-
oretical work [I75HI77| on radiative corrections. This result, combined with forthcoming
experimental and lattice QCD determinations of the axial coupling constant, will inde-
pendently probe the disagreement in first-row CKM unitarity while avoiding theoretically

complicated nuclear structure corrections required for superallowed nuclear decays.
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3.1.2  Neutron lifetime anomaly and neutron lifetime variations

The neutron lifetime anomaly is a discrepancy between the two types of methods measuring
neutron lifetime. This is illustrated in Fig. The current puzzle [196] due to the discrep-
ancy between “beam” [65] and “bottle” [60], 61, [63, T97H199] methods of 7,, measurement
indicates either the existence of new physics leading to a neutron decay channel without
protons in the final state or the presence of inadequately assessed or unidentified systematic

effects in either of the techniques.

The main differences between these two methods crucial for studying the anomaly are

shown in Table 3.4

The observed anomaly could point to an interaction between neutrons and a background
dark sector field or particle. Such a field would establish a preferred reference frame in the
universe, which does not coincide with the Earth-based laboratory frame. As the Earth
rotates, the orientation of neutron spins or momenta relative to this preferred frame changes
continuously. This could also lead to a time-dependent modulation of observables, such as
decay rates or spin-precession frequencies, with a sidereal period. In this way, a coupling to
the dark sector could manifest itself through daily variations in experimental signals, offering

a sensitive probe of new physics beyond the Standard Model.

The observed anomaly could point to an interaction between neutrons and a background
dark sector field or particle. Such a field would establish a preferred reference frame in the
universe, distinct from the Earth-based laboratory frame. If present, this coupling could
also induce characteristic time-dependent modulations in observables—such as decay rates
or spin-precession frequencies—arising from the Earth’s rotation and the resulting change
in the relative orientation of neutron spins or momenta. In this way, the anomaly and pos-
sible sidereal modulations represent complementary signatures of a dark sector interaction,

offering two independent approaches for probing new physics beyond the Standard Model.

The dark matter interpretation was also briefly examined, in particular through axion-
like candidates. However, due to the extremely small coupling constants governing their
interactions with neutrons, these scenarios can be excluded as viable explanations. Looking

ahead, more exotic dark matter candidates—such as dark matter blobs with stronger effective
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couplings—could be considered as alternative possibilities.

Another well-studied framework for interpreting anomalies is the Standard Model Exten-
sion (SME). The SME provides a systematic, effective field theory description of all possible
Lorentz- and CPT-violating operators that can be added to the Standard Model [200]. For
neutron physics, such effects could lead to observable consequences in beta decay rates, spin-
precession experiments, or storage-lifetime measurements, depending on the type and size
of the SME coefficients. Importantly, the SME allows one to formulate model-independent
searches, where experimental observables can be mapped directly onto well-defined operator
coefficients. In this way, the SME offers a systematic path to constrain possible Lorentz-
and CPT-violating effects that could underlie the observed discrepancies.

An example of how an external background field could affect neutron beta decay is
through modifications of the W~ boson propagator. In the Standard Model, the propagator
takes the Lorentz-invariant form proportional to g,,. However, in the presence of Lorentz-
violating effects, one can parametrize deviations by introducing an additional tensor x,.,

such that

<W,W, >= (G + X)) (3.3)

—
M,
where tensor X, encodes possible background-induced symmetry breaking and represents
the coupling of the W~ boson to a preferred spacetime direction or structure. Such a
modification would propagate directly into the effective four-fermion interaction governing
beta decay, leading to potentially measurable deviations in decay rates, angular correlations,
or spin-asymmetry parameters.

To model this potential signal, we assume that the neutron lifetime receives a small
periodic correction due to interactions with a dark sector. The modified lifetime for a given

run ¢ is expressed as:

T
TPM — 1 (1 + asin(2r 5 + <I>)> : (3.4)

where 7pjs is the neutron lifetime with a dark matter correction and 7 is the lifetime without
the correction, a is the amplitude of the lifetime change due to dark matter interactions, Y;

is sidereal time for run i, ® is the phase of the correction, and P is the harmonic period
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relating to the sidereal time. The term
) T
b = asin 27TF +o), (3.5)

represents the dimensionless fractional correction to the lifetime, with b < 1. If ng is the
calculated lifetime yield with a periodic correction, the parameters a and ® as a function of
P can be obtained by minimizing the x? function
) Yi- ¥\
=> (—5*+) - (3.6)
i (2
where the ¢ is a variance. The calculated yield as a function of holding time is given by

v = exp — | (3.7)

Tn

where T; is the holding time for run ¢. To investigate this possibility, a sinusoidal function
(Eq. (3.4)) was fit to neutron lifetime values from data presented above. Results show a

significant peak in the amplitude of the lifetime variation as large as
a=134+0.28s. (3.8)

This result could be a hint of an interaction between neutrons and a background dark sector
field or particle, modulated by Earth’s rotation relative to the dark sector frame. Further
investigation with higher statistics and improved control of systematics is necessary to assess

the robustness of this potential signal.

3.1.8 Possible BSM explanations

A long-standing discrepancy of approximately 10 seconds exists between the neutron lifetime
measured using the “beam” method and the “bottle” method. One intriguing possibility is
that this difference arises from neutron decays into final states involving particles beyond
the Standard Model (BSM), which would evade detection in beam experiments that only
count B-decay products. In such scenarios, the total decay rate of the neutron is the sum of

the Standard Model beta-decay rate and an additional BSM decay rate:

1 1 1
T3 TBSM

total
Tn
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Table 3.4: Comparison of the bottle and beam methods for measuring the neutron lifetime.

Aspect

Bottle Method

Beam Method

Principle

Traps ultracold neutrons (UCNS)
and counts how many survive af-

ter a given time.

Counts decay products (usually
protons) from a well-defined neu-

tron beam.

Measured Quantity

Surviving neutrons as a function

of time.

Number of decay protons per

neutron.

Neutron Source

Ultracold neutrons stored in a

physical or magnetic trap.

Cold neutron beam from a reac-

tor or spallation source.

Strengths

Direct measurement of neutron
disappearance.

Long storage times possible.

Independent of UCN storage sys-
tematics.

High statistics possible.

Systematic Challenges

Losses due to wall collisions or
magnetic field imperfections.
Requires extrapolation to ideal

trap.

Requires precise knowledge of
neutron flux and detection effi-

ciency.

Typical Lifetime Mea-

Around 878-880 s.

Around 888-890 s.

sured
Discrepancy suggests a possible missing decay | Consistently higher than bottle
channel or underestimated sys- | method by ~8-10 s.
tematics.
where 70t is the total neutron lifetime (as measured in bottle experiments), 74 is the beta-

n

decay lifetime (as measured in beam experiments), and 7ggy corresponds to the lifetime
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associated with non-standard decay channels.

Recent theoretical work has proposed that the discrepancy between the neutron lifetimes
measured by bottle and beam methods may originate from non-standard decay channels.
Fornal and Grinstein first suggested that neutrons could decay into undetected dark matter
particles, providing a natural explanation for the shorter lifetimes observed in bottle exper-
iments. [201]. Following this idea, Cline and Cornell explored the possibility of neutron
decay into a dark Dirac fermion y and a dark photon A’, further enriching the landscape of
exotic decay modes [202].

If such dark decay modes are indeed allowed, they should also occur in certain nuclei,
particularly those with low neutron separation energies. Pfutzner and Riisager [203] iden-
tified the neutron-rich nucleus ''Be as a promising candidate for such studies, noting that
the Bp decay channel of ''Be behaves effectively as a quasi-free neutron decay.

Experimental searches, however, have placed stringent constraints on these hypothetical
decay modes. Two independent groups have excluded the radiative decay mode n — x + v
with 97% confidence [204], and have ruled out a contribution greater than 1% to the decay
mode n — x + eTe™. at the 95% confidence level [205]. In parallel, Dubbers et al [200]
have argued that the neutron lifetime anomaly is unlikely to be explained by exotic decay
channels, based on both theoretical considerations and experimental data.

While these beyond-the-Standard-Model explanations are theoretically appealing, the
neutron lifetime discrepancy is more plausibly attributed to unresolved systematic effects
in the two experimental techniques. In beam experiments, for instance, protons produced
by neutron decay may be lost due to charge-exchange collisions with residual gas in the
magnetic trap, resulting in an overestimation of the lifetime. In bottle experiments, it has
been proposed that the inverse quantum Zeno effect (IZE)—where repeated measurements
can accelerate decay—might lead to artificially shortened neutron lifetimes [199].

An alternative explanation involves the so-called mirror matter theory, which postulates
the existence of a hidden sector consisting of mirror counterparts to all Standard Model
particles. Originally introduced as a solution to the dark matter problem, this framework has
been revisited in the context of the neutron lifetime puzzle. In this scenario, approximately

1% of ordinary neutrons oscillate into mirror neutrons, which subsequently decay via n’ —
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p'e'v" [207]. What is particularly compelling about this model is that the neutron oscillation
serves as the sole bridge between the visible and mirror sectors, enabling matter exchange
despite the absence of other interactions.

Ultimately, resolving this discrepancy will require the development of new experimental
methods capable of eliminating or controlling these sources of systematic uncertainty. Im-
proved measurements will be essential to determine whether the neutron lifetime anomaly

reflects novel physics or experimental artifacts.

3.2 SMEFT

The second crucial component in fully leveraging beta decays as probes of BSM physics—thereby
making full use of the results in Section [3.1}—is the advancement of theoretical frameworks
capable of accommodating potential new-physics effects. For that, we use SMEFT described
in Sec. We identify the SMEFT operators that induce the largest loop-level contribu-
tions to charged-current processes. These include four-quark and four-fermion semileptonic

operators involving two third-generation quarks.

3.2.1 Formalism

The Standard Model EFT Lagrangian consists of the SU(3)c x SU(2)r x U(1)y-invariant
operators incorporating the Standard Model fields. It contains the Standard Model La-
grangian Lgy along with higher-dimensional operators that capture the effects of heavy

degrees of freedom with masses greater than A. Focusing on dimension-6 operators, we have
1 (6) ~(6)
Lsm = Lgm + C . 3.10
SMEFT S 2 Ek o Q) (3.10)

)

Here Qg’) denotes all possible operators of canonical dimension ¢ and C,gi are the correspond-

ing Wilson coefficients. For convenience, we have defined the coefficients to be dimensionless,

)~ v /AY where v ~ 246 GeV is the Higgs vacuum expectation

so that they scale as C,(j
value. In this work, we exclusively focus on dimension-6 operators, as higher-order operators
are further suppressed by higher powers of 1/A, making their contributions less significant
relative to those of dimension six. Our approach includes a general flavor structure and

employs the so-called Warsaw basis [17], which contains 2499 independent operators [146].
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The SMEFT Lagrangian is written in a weak eigenstate basis, where the fermion mass
matrices are not diagonal. We work in the weak basis in which the mass matrices take the

form [208] [
M, = diag(my, me,my) , My = diag(mg, ms, mp) - vt M, = diag(me, my, ms) , (3.11)

where V' is the unitary CKM matrix. In this basis, the left-handed down-type quarks flavor
fields are given by Vdp, in terms of the CKM matrix V and the mass eigenfields dy. Hence,

the fermion fields can be written in terms of the mass eigenstate fields as follows

qi = , l; = , Ui = UR;, d; = dg;, €; = €R,; -
VdL €r,

i i
As discussed in Chapter [2| the complete set of dimension-six SMEFT operators con-
tributing to § decay (and more generally to semileptonic CC processes) at tree level is given

by [25]

Four-fermion operators: Vertex corrections:
— B H _
QY = (1) (@ 7 qr) QY = (H'iDLH)Iyr'y"1,) (3.12a)
prst pr
7 7 A= _
Qled% = (lg;er)(dsqm') ng] = (HTZ DMH)(qpy“qr) (312b)
prs pr
Qle, = Ber)ejn (@) Qpua = i(H D, H)(G,7"d,)  (3.12¢)
prst pr
sz;u = (Bower)ejr(@o u) - (3.12d)
prst

Here D, = 10, + ’L'ggTAGZ1 + igg%W,{ +191Y B,, is the gauge covariant derivative, T4 are
the SU(3) generators, 71 /2 are the SU(2) generators, Y is the U(1) hypercharge, while By,
Gf, and WJ are the gauge fields and g1, g2, g3 the corresponding gauge couplings. The Higgs
field in the unitary gauge is given by H = \/1/72(0, h+ )T, with H =i H*. Finally, the
combinations of covariant derivatives are given by ﬁ w= B u_gu and ﬁﬁ =7l B #—5 N’TI ,

while the subscripts p, r, s, t represent flavor indices.

'We neglect the effects induced by neutrino masses. These are induced at dimension-5 in SMEFT [142],
but are negligible for our purposes.
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3.2.2  Low-scale Effective Lagrangian and tree level bounds

In order to describe the new physics contributions to semileptonic CC decays of mesons,
neutron, and nuclei, we need to evolve the effective Lagrangian involving the operators in
Eq. down to a scale of O(GeV). To do so, at the weak scale 1 ~ myy, we match the
SMEFT to the so-called low-energy Effective Field Theory (LEFT) [147], which is invariant
under SU(3). X U(1)ep, and contains the Standard Model fields except for the heavy W, Z,
and h bosons as well as the top quark. The LEFT Lagrangian for the semileptonic d; — u
transitions, with di = d and da = s, is given by [25, 98, 209, 210] ]

GrVud, d; _ _
LLEpT = — \/5 . [ (1 + Gg T - 6%) 6%(1 - ’Y5)Ve : UV“(l - 75)dj

+ €g é’Yu(l - '75)Ve : a'y“(l + '75)dj

dj _ dj _
+ ed e(1 —y5)ve - ud; — ege(l — vs)ve - Uysd;
+ e%j €0, (1 — v5)ve - uc™ (1 — 75)d]} +he., (3.13)

where G r is the Fermi constant and the BSM contributions are encoded in the dimensionless
couplings ;. €} arises from the SMEFT correction to Gp as extracted from muon decay

and is given by

3 3
¢=-c, +(cfl+cf) . (3.14)
1221 11 22

in terms of leptonic vertex corrections introduced above and the coefficient associated with

the purely leptonic operator (note that C ; =C ;)
prst stpr

Q llt = (lplyulr)(lsfyult)
prs

In order to connect the Wilson coefficients of SMEFT and LEFT, we require the equal-

ity of the d; — we™ 7. amplitudes at the energy scale u ~ mys. The resulting matching

2We write here only the operators involving electrons and their neutrinos. The inclusion of the second
family of leptons is straightforward. Our analysis below assumes lepton family universality.
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conditions are [25]

[CS’;V] 1) [Cz(; Wi

Sl = Cl(;f) + Voo Vi (3.15a)
i 2[055]7 (3.15D)
= —[Cqu; Vc;ia}uVJ : (3.150)
o _ (Claq - XZZLEQ)UV] | (3.15d)
o % (3.15¢)

Semileptonic decays depend on the individual effective couplings eCIl{ g pr and on the linear

combination e(L i) = egd e‘LL, which can be written as follows in terms of the SMEFT Wilson
coefficients: @ @)
‘ Ci/ V] C V15
e<Ld1>:[Hq by 19 ]]+C“ ¥ (3.16)
Vud; Vud; 1221 22

From the above equation, it follows that contributions of CS’Z) from muon and [ decay cancel
each other. !

The rotation to the mass basis generates Wilson coefficients involving all family indices,
e.g., [CS; Vi = C};’;VH + CS;VZI + CS;V;),L In our analysis, we omit terms involving
off-diagonal CKM maltlrix eleme1112ts, as théi?)r contributions are suppressed by one or more
powers of the Wolfenstein parameter A = |V,5| ~ 0.22. Hence, we identify the set of of
Wilson coefficients associated with the operators that contribute to semileptonic decays of

mesons, baryons, and nuclei at a tree-level (j = 1,2):

Cy = {C® ; Cled NelaNelaNe)s Nejle)s ),C'Hud,C u,Cou 3.17
P =AC ity g Ol O O O O gy Gt 1D

Finally, to assess their impact on low-energy CC processes, the ¢; couplings need to be
evolved from the weak scale down to hadronic scales, g ~ 2 GeV. This leads to significant
effects for the scalar and tensor operators, which have nonzero O(a;) anomalous dimensions.
At one loop in QCD, we find €g p(po) ~ 1.64egp(pw) and er(po) ~ 0.85er(puw), for
uw = 246 GeV. The remaining couplings are subject to smaller, %-level, effects due to QED
loops, see Ref. [211] for more details.
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3.2.8 Operator Mixing

In the previous section, we expressed the effective couplings €; in terms of the SMEFT
Wilson coefficients at the matching scale uy ~ My between SMEFT and LEFT. The next
step is to evolve the SMEFT coefficients from the high energy scale A to up using the
Renormalization Group Equations (RGEs).

This is motivated by: (i) The high precision reached by the experiment and SM theory
predictions for 8 decays of mesons, hadrons, and nuclei. In a tree-level analysis, the current
per-mille level precision corresponds to probing effective scales up to A ~ 20 TeV.

(ii) The emergence of tensions with the Cabibbo universality test, related to the unitarity
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which requires Ackm = |Vaal? + | Vs |2+
[Va|> =1 = 0. The current hints of Ackm # 0 at ~ 30 have generated scrutiny within
the SM [75H87] as well as beyond the SM (BSM) studies [88-101], in the context of explicit
models of new physics, in the EFT setting below the weak scale, and in the SMEFT at tree
level.

As the renormalization scale p changes, the effective interactions mix, leading to the
emergence of new operators in the beta decay analysis at the loop level. The RGEs for the

Wilson coefficients of the relevant operators take the following form

Cs Ves ez | |Cs
= , (3.18)
C’x YzB  Vzz Cac
where C; = 167r2,ucfi—ui and Y88, Vgz, Vxe are matrices of anomalous dimensions. Cj is

the array of Wilson coefficients associated with operators that contribute to semileptonic
processes at the tree level, defined explicitly in Eq. . C, contains all the remaining
Wilson coefficients that can mix onto the Cg’s, i.e. for which vg, # 0. Inspection of the
one-loop RGEs [140, 208, 212] shows that mixing occurs through the gauge and Yukawa
interactions (we retain only the top- and bottom-quark Yukawa couplings). Numerically,

the largest mixing occurs for coefficients C, belonging to these classes:

Cr e {0, Cy, O, 08 C . O, Cun (3.19)
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Figure 3.3: Diagrams illustrating the loop contributions of @, operators to Qg. Black circles
represent the insertion of @), operators. Solid lines denote fermions, dashed lines represent

Higgs bosons, and wavy lines stand for gauge bosons.

with various combinations of family indices, as discussed below. The most relevant one-loop
diagram topologies are given in Fig. 3.3
The coefficients Cg(pw) at a low scale close to the weak scale, expressed in terms of

Cz(A), take the form

Coilpw) =D Uir(uw, A)Cuak(A) (3.20)
k:

where the matrix U(uw, A) is obtained by solving the RGEs. Consequently, by combining
the mixing induced by RGE running with the matching in Eq. (3.15]), we can represent the

effective couplings ¢; in terms of the C, coefficients as
ei(pw) =Y rij(pw, A)Crj(A) - (3.21)
J

This formula, together with the experimental determination of the ¢;, allows us to obtain
constraints on Cz(A). In this work, we take A = 5 TeV for the initial scale of the RG

evolution [| The results are presented and discussed in the following section.

3Larger (smaller) values of A will make the bounds we discuss below stronger (weaker). The dependence
on A is logarithmic, hence relatively weak.



63

3.2.4 Results

We find that the largest impact of operator running and mixing manifests in the low-energy
coupling e, (pw ). The mixing contributions to €g g p7 are less prominent and lead to weaker

constraints on the C,.

Right-handed current, scalar, pseudoscalar, and tensor terms

For this class of couplings, most of the non-zero mixings are small because of the appearance
of the numerically suppressed ¥, Yukawa coupling. As an example, consider the evolution of
the Wilson coefficient Cy,,4 associated with the right-handed quark current operator defined

in Eq. (3.12c)). The corresponding RGE term describing this evolution is

. 4
Crrya 4(cV 4+ 2 v, ]s3 (3.22)

1331 3 1331

By solving the RGEs, we obtain a bound of O(1) for the coefficients C(i)d’(s), implying a
1331
rather weak limit on the BSM scale, A 2 v. Analogous or even weaker bounds occur for the

other C} coefficients that do not generate the left-handed currents.
The numerical results for el(-d) at the scale uy = 246 GeV in terms of Cg and C, SMEFT
coefficients at A = 5 TeV are given by

D = 0.950 Cyryq —0.001 ¢V —0.0011 ¢®) (3.23)
11 1331 1331

&) = 0603 CJL), —0.600 Creg, +0.143 C2) (3.24)
1111 111 1111

e = —0.603 C{}), —0.600 Cieqy +0.143 O}, (3.25)
55 1111 1111
&) = 0003 CL), —0.465 C), (3.26)

1111 1111

Operators involving left-handed currents

The RGEs induce contributions from several Wilson coefficients to €;,. The coefficients of

these operators are collected in C,, in Eq. (3.19). Of the appearing operators, Q;;, Ql(j), Qgg,
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QS?} are found within the set of Q3 operators in Eqgs. (3.12a))-(3.12d)), but with a distinct

flavor content from the operators that contribute at the tree level. The other three operators

are
Q(éét = (GpuTar) (@7 ar), (3.27a)
prs
Q(zét = (@7 ) (@ ), (3.27b)
prs
Quo = (H'H)O(H'H) . (3.27¢)

In particular, the largest contributions to €;, namely with x;; > 1072, see (3.21) arise from

c® 70(3) 70(1) C ’0(3) 7C(3) ’0(3) ’0(3) ’0(3) _and 0(3)’ 0(3)’ c®
113" 1dh 13h 11”22 25%3 1%1 1%%2 1%%3 25%1 11{1(1 12{2(1 I:ge?

The numerical results for the RG evolution matrix Ui (uw,A) connecting Cur(A) to
Cai(pw) (see Eq. (3.20)) can be found in Table in Appendix [Al Upon matching on the
LEFT coefficients (see Egs.((3.15)) we find that the e(Ld’s) at the scale py = 246 GeV in
terms of SMEFT coefficients at A = 5 TeV are given by

& = 0946 C) —1.052 0 + 10120, —0.965 C}) (3.28)
11 1111 1221 22
+ 0198 C%) —0.026 %) +0.026 CYy, —0.0471 C y —0.100 C)
1133 1331 1331 1122 2233
. 942 1.052
) = % o) — % ¢ +1010C , —0.960 Cfy) (3.29)
12 1112 1221 22
0.198 0.028 0.026
+ =) =) =2 0 —0.099 ) —0.047 C y
A 1233 A 1332 A 1332 9253 1122
+ 00144 (CH) + O+ ) —0.016 (1) +0D) + ).
11 22 33 1111 1122 1133

Here A = |V,5| ~ 0.22. To arrive at the expressions above, we used the symmetry under the

exchange of the fermion bilinears, C(;()]’(S) = C(;g’(g), Cyu =C ;. Note that e%l) and e(Ls)
prst stpr prst stpr

have similar dependencies on the C; Wilson coefficients in the first two lines of Egs. (3.28))

and (3.29)), with appropriate replacements of the first and second family indices. The small

%-level differences arise from two-loop level effects captured by the RGEs in the leading-log

approximation.

The expressions in Egs. (3.23))-(3.26)) as well as (3.28)) and (3.29)) are in principle modified
by one-loop corrections to the tree-level matching in Eq. (3.15). As we do not control all
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contributions at this order, i.e. one-loop terms without large logarithms ~ In(A/my/ ), they
are beyond the precision of our leading-log analysis. Nevertheless, using the results of Ref.
[213], we estimated the order of magnitude of these terms, finding that they do not lead
to large contributions of new Wilson coefficients in the above equations. In addition, the
corrections to the C';, contributions found above tend to be small compared to our leading-log
results. For example, the loop-level matching affects the contributions of [C’ég)hjgg in Eqs.

(3.28) and (3.29) by O(10%).

To impose constraints on the difference e(Ldj ) = e[zdj — ¢, we employ the analysis of [TI01].

That reference utilized the first-row unitarity relation for the Cabibbo-Kobayashi-Maskawa
(CKM) matrix by incorporating data from kaon, pion, and 8 decay, following Refs. |98
210]. Apart from these low-energy CC processes, this analysis included electroweak precision
measurements and collider observables, thereby allowing for a nearly model-independent
analysis of SMEFT operators. However, as argued above, the effects of the C; coefficients

mostly induce the left-handed interactions governed by e(Ldj ), Therefore, we perform a simpler

(s,d)

analysis in which only these couplings are turned on. The constraints on €, " are dominated

by the CKM unitarity test, which implies

Ackn = 2|Vaal2el? + 2| Vs 28 (3.30)

From Egs. (3.29) and (3.30) one sees that Cy’s that contribute to (—:SLS) appear in Acky with

at least one extra power of X\ compared to the C; that contribute to e(Ld). So in what follows,

we focus on the strongest constraints on the C,;’s appearing in Eq. (3.28]) provided by
d) _ (_ —4
€, = (-83+£25)x107". (3.31)

The constraints on the coefficients appearing in can be obtained via rescaling by A.
While Eq. provides the general contributions, we explore below the simplified
scenario in which only one coefficient is nonzero at the high energy scale A. This leads to
conservative constraints on the C, operators, as long as there are no significant cancellations
between different SMEFT operators. The most stringent constraints (corresponding 6C, <
5 x 1072) are graphically illustrated in Fig. and reported in Table , along with a

comparison to the limits obtained from other observables.
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Cu i ——i 10.018 +0.005
1122

C(3)
la ¢ —e—i 10.0083 +0.0025
2233
@)

c qq e 1—0.031 +0.009
1331
3)

c 49 r ———*—10.030 = 0.009
1331

C(3)
949 r e 1—0.0042 +0.0013
1133

-0.04 —-0.02 0.00 0.02 0.04

Figure 3.4: Summary of the strongest low-energy CC constraints on the coefficients Cy(A)
(68% C.L.). We only show results for the most strongly constrained coefficients, with a
threshold of §C,; < 5 x 1072.

As can be seen from the Table, low-energy CC processes probe some of the Wilson
coefficients at the permille level. For the purely leptonic operator, this leads to a sensitivity
comparable to that of muon pair production. For semileptonic operators involving the
top quark, the constraints of low-energy CC processes are stronger than the ones from top
production, but weaker than the ones from rare AF = 1 meson decays and the K — Kg mass
difference. It should be noted, however, that the constraints from the AF =1 and AF = 2
processes depend on the flavor structure of the Wilson coefficients. In particular, defining
the Wilson coefficients in a basis where My, instead of M,, is diagonal would lead to far
less stringent constraints from these probes, while those from low-energy CC measurements
would be mostly unchanged. We provide details on our analysis of AF = 1 and AF = 2
processes in Section
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Cr(A =5TeV) | Constraint from | Strongest constraints Process
B decays from other processes
c® —0.004 +0.0013 | —0.0073 £ 0.006() Top production [214]
1133
+0.00002(3) K — mvi
C(?; 0.008 £ 0.0025 | —0.00024 + 0.00021(3) B decays (Ry) [215]
2233
C 0.018 £ 0.005 —0.0018 £ 0.0029 Muon pair production [216]
1122
ct) —0.031 £ 0.009 —0.035 +0.027(1) Top production [214]
1331
+0.0009() Amy |217]
c® 0.03 = 0.009 —0.042 4+ 0.024) Top production [214]
1331

+0.00004(2)

K — mvv

Table 3.5: Summary of the strongest loop-level constraints from 3 decays, defined by the
threshold 0Cy;(A = 5 TeV) < 0.05. We display the relevant SMEFT Wilson coefficients

(first column), the 68% C.L. constraint from [ decays (second column), and the strongest

68% C.L. constraints from other processes (third and fourth columns). The superscript

(1) indicates that the fit was performed assuming U(3); x U(3). x U(3)q x U(2)y x U(2),

symmetry. The superscript () indicates that the constraint would disappear if one used

the weak basis in which the down-type quark mass matrix My is diagonal. See the text for

details on how the bounds from “other processes” have been obtained.
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Table also shows that, due to the current deviation from the CKM unitarity, 5 and
meson decays prefer nonzero values for the dimension-six interactions at the ~ 3o level. For
some of the Wilson coefficients, the size needed to address CKM unitarity is in conflict with
other measurements. For example, the current value of Ackn # 0 could be explained with
nonzero values of the four-quark Wilson coefficients, [C’éé’g)]mgl ~ 0.03. However, these
relatively large coefficients are in tension with the kaon mass difference, Ampg. Therefore,
should the current anomaly in CKM unitarity be confirmed, an explanation in terms of the
Wilson coefficients in Table [3.5] would require a scenario involving multiple operators at a
time.

In the following subsections, we provide details about the operator mixing, as well as the

constraints on the C, from other observables.

3
ngq,) 3311

The most precise constraints obtained from the above analysis are for the coefficients of

four-quark operators, C(gg). The flavor structures that contribute to 8 decays contain two

first-family quarks and two third-family quarks. In the context of beta decay, these quarks

are up, down, top, and bottom. These operators primarily contribute to Cg’; via the SM
11

Yukawa or gauge couplings. The corresponding one-loop contributions are illustrated in

Fig. [3.3| (left and middle diagrams) and lead to the following RGE

- 1
CJ(L?; 2 2NC(C(221 + 0(221 ) <3g% - [YuTYu]iiS) . (3.32)
11 1133 3311

Furthermore, these operators also generate Q(?ZBZ as shown in the middle diagram in
1111
Fig. after attaching a lepton line (not shown) to the gauge boson. The RGE terms

describing this contribution are

(3 3
¢ 5 392N C(q; + 392N C(qZZ . (3.33)

1111 1133

This, together with the bound on €y, leads to
G, O =(-4£13)x 1075 (3.34)

3311 1133
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In addition, the Qi%3 and Q;Sg)?l operators play a significant role in various other pro-
cesses at tree-level, particularly in top quark production. Multiple global fits have been
performed in order to constrain the operators’ coefficients; see, e.g., Refs. [214] 218 219].
The most stringent constraint was obtained in Ref. [214], which performed a fit assuming
U(2)q x U(2)y x U(2)q symmetry. This resulted in a constraint on the following linear com-
bination of SMEFT coefficients, C?éj; = C’g’g + %(C‘(qlg‘ — C‘(C‘B‘), where the index ¢ is summed
over the first and the second families. ler?)lga globzmgl?ﬂanal;z?ins, the constraint on this linear
combination is (—0.0048 £ 0.0122) with 95% confidence level (CL) intervals. Assuming only
a single Wilson coefficient from the Warsaw basis to be present at a time, one obtains

c® B = (-0.0073 +0.0053), (3.35)

3311 1133

at 68% CL, implying the loop level constraint from (8 decays are approximately five times
more sensitive.

Finally, the strong but basis-dependent constraints from AS = 1 and AS = 2 FCNC

processes are discussed in Section [3.2.4]

3
Cl(q,)2233

53) , with two

The next-best constraint arising from our analysis relates to the operator
second-family leptons and two third-family quarks, as shown in Eq. (3.12a)). This operator

generates Qgg that characterizes the vertex for muon decay. The analogous operator involv-

22
ing the first generation, QS%, is also generated by 01(2)1133 (however, as shown in Eq. (3.16))

i1
such effects cancel in e(Ld’S)). The Q(?zzl contribution to Qg; is shown in the left diagram in
22

2233
Fig.[3:3] The RGE term that generates the dominant contribution reads:

: 1
i) o QNCC(?()J <39§ - [YJYu]?):s) : (3.36)
22 2233

After solving the above RGE and imposing the CC constraints, we obtain
Cl) = (8+2.5) %107, (3.37)
2233
The same operator also plays a role in B decays at a tree level. In a single-coupling analysis,

the comparison of b — cuv and b — cev transitions can constrain the relevant coeflicient,
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leading to an allowed range of [—0.0005,0.022] at = 1 TeV [220]. This bound is approxi-

mately one order of magnitude weaker compared to what was obtained from (§ decay.

A stronger constraint can be obtained from B — K¢/ decays, to which C (:2 contributes
2233

at tree level after performing the CKM rotation to the mass basis in Q(‘{Z . Ref. [215]
2233

performed a fit at © = 1 TeV, assuming that only operators involving top quarks are present
at u =1 TeV, while the lepton flavor structure was left arbitrary. The dominant constraint
comes from the Lepton Flavor Universality ratio

Br(BT — Ktutu™)
Br(Bt — Ktete™) ~

Ry = (3.38)

and implies C’(?; = (—2.442.1) x 10~* for the scenario when only one operator is present
2233

at a time. This bound has a smaller error and mean value compared to the constraint from

low-energy CC observables.

Cu,1122

These Wilson coefficients generate C' ;; through loop diagrams that involve the gauge cou-
1221

pling, as shown in the right panel of Fig. [3.3] This is characterized by the RGEs

Cy 26C g g3, Cy 26C 4 g3, (3.39)
1221 1122 2112 2211

leading to the constraint

Cyu =Cy =(1.8+£05)x1072. (3.40)

1122 2211
The above-mentioned operators also induce muon pair production at tree level. Ref. [216]
performed a global fit that incorporated experimental data from various sources, including
Z boson measurements at LEP-1, W boson mass and decay measurements, muon and tau
decays, and lepton pair production at LEP-2. Under the assumption that only one operator
is present at a time, this led to an allowed range of (—1.8 £2.9) x 1072 at 1 TeV with 68%

CL, comparable to the bound from low-energy CC processes.
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3
ng?l331

The operator Ql(]?l}), discussed in Section reappears in the analysis, albeit with different

particle content. In particular, C'(q 1331 contributes to both C(S) and C( ) via the left and

11 1111
middle diagrams of Fig. [3.3
(3 (3)
C}{; D) (C qq + C qq < 33 — 92> ’ (341)
11 1331 3113
(3 1 3 1 3
C(z; - —3930% gg%C( ) - (3.42)
1111 1331 3113
These RGEs lead to the following limits from 3 decays,
c® B =(3.04+09)x1072 . (3.43)

1331 3113

The above effective couplings modify top quark production processes. Ref. [214] obtained

the following constraints on several linear combinations of Wilson coefficients,

Linear combination Constraint

cob=Chy +3C0% 0.121 +0.30 ,
1331 1331

con=CY + low y low) 0.30 £ 0.61 ,

a 1133 6 1331 2 1331

38 3

=y -l —0.12+0.30
z33z 1331

as well as the previously mentioned constraint on c‘zg’;, see Section Evaluating these
resultso, assuming that only one Wilson coefficient from the Warsaw basis is present at a
time, we extract C(‘gé ~ (—0.042+0.024) at 68% CL, which is a factor of a few weaker than
the result from 3 éZilays. Finally, our analysis of the constraints from AS =1 and AS =2
FCNC processes is discussed in Section

1
C;q?1331

The final operator coefficient from Table [3.5] we discuss here is similar to that of the previ-
ous section, but with a different weak isospin dependence. It contributes primarily to the
operators Qg; through the loop diagrams involving a Yukawa interaction in Fig. The

11
RG equation

T 1331 3113/ \3
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leads to the following limit from low-energy CC processes:
c ) =(-314+09)x1072. (3.46)
1331 3113
Direct constraints on this coefficient have been obtained in Ref. [214] through top quark
production. Evaluating the fit while only one Wilson coefficient of the Warsaw basis was
present at a time, at 68% CL, we extract C%)gl ~ —0.035 & 0.027. This result is a factor of

a few weaker than the limit obtained from 3 decay, albeit with a similar central value. We

discuss the constraints from AS =1 and AS =2 FCNC processes in Section [3.2.4]

FCNC processes

As mentioned above, the limits on the Wilson coefficient that arise from beta decay at
the loop level are competitive with those obtained from other processes that are induced
at the tree level. Here, we discuss several other probes of the Wilson coefficients in more
detail, with particular emphasis on Flavor-Changing Neutral Current (FCNC) processes.
FCNCs are suppressed in the Standard Model due to the GIM mechanism [221], which
is generally violated in New Physics models and within SMEFT. These observables are
therefore highly sensitive to contributions from physics beyond the Standard Model, given
the low SM background and high experimental precision.

As discussed in section probes of AF = 1 transitions are able to constrain a
number of SMEFT operators at the tree level. In this section, we instead focus on the
constraints from AF = 1 FCNC processes that are induced at the loop level and from AF =
2 observables. To investigate the former, we look for the FCNC dimension-six coefficients
(Crenc) that could be generated by the same C, coefficients that generate Cg, allowing us

to compare the resulting limits. The relevant RGEs can be written schematically as
Cs = gz Cu (3.47a)
Crone = Yrenca Ca - (3.47D)

We focus on processes that can be calculated with negligible theoretical uncertainty, specifi-
cally, the rare decays of kaons and B mesons, taking into account the effects of the rotation

to the mass basis. The strongest constraints arise from the rare AS = 1 FCNC process
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K — wvv, which is controlled by the LEFT coefficient [L‘(/dLL] w12, currently bound to be
smaller than 0.97 x 1074 TeV~2 [222, 223]. In terms of the SMEFT Wilson coefficients in

our basis, we have

VLYY ez = Cena + A <C~'ez11 - éezm) +0(N\)
éggij = C(llq) — C(lgq) + 5@@0}}; + 5(@0}2 . (3.48)
wij i ij

For the running of Cé;)’(g) into these couplings we find

Con1 =~ (-0.099 ¢ —0.0034 C}) +0.098 %) —0.054 C) ) S, (3.49)
1133 1331 1133 1331

while 6'12722 are much smaller than Cy;. The limit on [L’{/dL 1)veve12 implies

Ci}lz%:g <2.0- 10_5, C](é)gl < 0.57- 10—3 7 (350)
(3) 10—5 (3) 1n—4

Clyq <2.0-107°, Cqq <0.37-107"%. (3.51)
1133 1331

Apart from measurements of rare AF = 1 processes that violate flavor by one unit,
stringent constraints arise from AF' = 2 observables, such as the B; s — Bdﬁ and K;, — Kg
mass differences. These mass differences are suppressed due to the GIM mechanism in the
SM, which implies that the contributions from the four-quark operators Qg}l)’(?’) can be sig-
nificant as they arise at the tree level, after rotating to the mass basis. To evaluate the
constraints from Amp,  , we compare the sum of the SM [224] and BSM contributions [217]
with the experimental determinations [225]. The SM prediction of Amp is subject to larger
theoretical uncertainties. Although the short-distance contributions are known to about
30%, the long-distance effects are poorly known [226], 227]. In fact, preliminary lattice-QCD
results are currently subject to significant systematic uncertainties [228]. Therefore, to set
conservative constraints, we demand that the BSM contributions cannot be larger than the
experimental determination, AmIB(SM < Am$P. Although it comes with significant uncer-
tainties, the kaon mass difference is still the most sensitive probe of the Cgé)’(g) coeflicients,
while the limits from Amp, are a factor of a few weaker. Quantitatively, the AS = 2 limits

imply ]C(gé |, \C(}]?] l, |C(321 | < 0.0009. These constraints are weaker than the ones from
1133 1331 1331

K — mvv, except for C(é?z :
1331
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At face value, the AS =1 and AS = 2 observables then lead to some of the strongest
constraints on the Cé;’?’) coefficients in Table M It should be noted, however, that these
flavor-violating probes strongly depend on the assumed flavor structure of the Wilson coef-
ficients. For example, defining the operators in the basis where My is diagonal, instead of
using Eq. , would lead to severely weakened AF = 1 and AF = 2 constraints [217],

while those from low-energy CC processes and pp — tt would be mostly unaffected.

3.2.5 Simplified models above the A scale

Here, we briefly discuss the kind of BSM scenarios that could give rise to the operators
discussed in the previous section. Above the A scale, such simplified scenarios can be con-
structed by introducing new heavy fields with all possible spin- and gauge representations.
The complete list of new particles and their tree-level contributions to the SMEFT operators
up to dimension-six are provided in Ref. [229]. This matching procedure allows us to express
the SMEFT Wilson coefficients as functions of the couplings and masses in the appropriate
simplified model. With the aid of the provided dictionary, we can readily identify all heavy
fields that can generate the Wilson coefficients for which we established constraints. The
results are summarized in Table

There are two heavy fields, marked with an asterisk in Table [3.:6] which exclusively
contribute to the Qg‘?]) and Qt(l}z) operators that were constrained from 3 decay at the loop
level. These heavy fields are a scalar boson Y, which is a color sextet and a weak isotriplet,
along with a vector boson H, which is a color octet and a weak isotriplet. The scalar field
can play a role in explanations of baryogenesis [230] and contributes to processes at the
LHC [231]. The vector field H can appear as the gauge boson of an enlarged gauge group,
SU(6), which is broken down to the SM [232], or as a resonance arising from strongly coupled
BSM physics [233]. Their contributions to the C, operator coefficients, assuming only one

multiplet at a time, read

o) _ 3(yr)i (yr)s o® _ 3(yr)is (yr) i

- ) - ) 3.52a
T ST (392
3(g3)ki(gn)a @) (gr(gn)i;  (910)ki(9n)a
Cly = -SE Cy = : 2 . (3.52b
ikt 32MZ B T VA VY V) (3.52b)
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where M~ and My are the masses of the heavy fields and yy and yy are their couplings
to left-handed quarks. With respect to the flavor structure of these coefficients, it becomes
apparent that we require significant couplings of (yr)is, (yr)s1, (yu)i1, (yn)ss, (yw)is,
(y# )31 to address the Cabibbo angle anomaly. For sufficiently small masses of heavy fields,
these couplings can be examined in various processes at a tree level, particularly in top
quark production. In addition, the needed Y couplings involve different quark generations,
implying significant contributions to FCNC processes in case the diagonal couplings are

nonzero as well, (yy); # 0.

Q). operator Heavy field
t(z?é) w1 ¢ M T w g, H*
Irrep (37 1)7% (3’ 3)7% (67 1)% (67 3)% (17 1)0 (85 ]-)0 (87 3)0
5 w1 ¢ M T B g, H*
Irrep (37 1)—% (373)—% (67 1)% (673)% (173)0 (Sa 1)0 (8>3>0
Ql(j) w1 ¢ w Uo X
Irrep (37 1)7% (3>3)7% (173)0 (37 1)0 (373)§
Qu S1 E B W
Irrep (LD (1,31 (Lo (1,3)

Table 3.6: Single-field extensions of the Standard Model generating (), operators at tree
level. Here we follow the notation of Ref. [229]. The asterisks indicate fields that only

generate the operators that contribute to the 5 decays at the loop level.

3.2.6 Conclusions

We performed a loop-level analysis of low-energy (semi)leptonic charged current processes
in the Standard Model Effective Field Theory, truncated at dimension six. Using the one-
loop anomalous dimensions and the corresponding renormalization group equations we have

expressed the low-scale effective couplings affecting 5 decays, €4 (), in terms of the SMEFT
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Wilson coefficients at the new-physics scale, A. We find that the RGE running generates
new significant contributions only for the left-handed effective coupling ey, that shifts the
Standard Model (V' — A) x (V — A) operator, while providing only small shifts to the tree-
level matching conditions (see Egs. ) for the right-handed current, scalar, and tensor

operators.

Our main results are given by Egs. (3.28) and (3.29)), which display E(Ld’s) (uw) in terms

of the SMEFT Wilson coefficients C),(A), keeping only the effective couplings that con-
tribute with coefficients larger than 1073, Eq. , coupled with the experimental input on
e(Ld)(,uW) from a recent global analysis of beta decays and other precision measurements [101],
provides the general constraint from low-energy charged-current processes on SMEFT effec-
tive couplings, at the leading logarithmic accuracy. Turning on the SMEFT couplings one
at a time at the reference scale A = 5 TeV, we obtain the constraints displayed in Fig.
and Table which we compare with the sensitivity of other observables. We find that
low-energy charged-current processes are generally competitive and provide bounds that do
not depend on assumptions about flavor symmetries imposed on the SMEFT couplings. We
find that the Wilson coefficients of operators involving the third generation, such as Qg}])’(g)
and Ql(g), are stringently constrained by low-energy CC processes to be at the permille level,
corresponding to a reach of A ~ 8 TeV. While the current tension with first-row CKM
unitarity points to a nonzero combination of SMEFT couplings, further theoretical and ex-

perimental scrutiny may shift the central value and will certainly improve confidence in the

uncertainties, and thus the robustness of the resulting constraints.

Finally, we have also identified single-field extensions of the Standard Model that con-
tribute to the SMEFT operators, which generate significant effects in beta decays via loops
(see Table [3.6). It is interesting to note that the scalar field T and vector field H at tree

élq)’(g) operators. These extensions, therefore, provide simplified UV

level only generate the Q)
scenarios in which the first contributions to low-energy charged-current processes appear at

the loop level.
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3.3 Loop corrections to the two-body potential of beta decay

Superallowed 8 decays are pure Fermi transitions, mediated only by the vector component of
the weak interaction, and involve no change in nuclear spin or parity. Owing to their simplic-
ity, these decays provide a relatively clean and theoretically well-controlled means of testing
the conservation of the vector weak current and determining the CKM matrix element V4.
Currently, the most precise extraction of V4 arises from superallowed decays [234]. However,
as discussed in Section the current global analysis yields Acxy = —1.48(53) x 1073
a deviation from zero at the ~ 30. To scrutinize this discrepancy and to fully exploit
the potential of nuclear beta decay experiments, it is necessary to improve the precision of

theoretical calculations.

To address this, we work within the framework of Chiral Perturbation Theory (ChPT),
described in Section 2.2} This approach systematically incorporates the symmetries of QCD
and allows us to account for higher-order hadronic corrections with controlled uncertainties,
thereby enabling CKM unitarity tests at the 107* level [235, 236]. Refs. [235, 236] set up
the framework and computed the two-body weak transition operator to order G pae,, where
€y ~ my/Ay. This corresponds to the three-level diagram in Fig. [3.5] However, to test the

CKM unitarity at the level of 2 x 10™% one needs nuclear-structure-dependent corrections

2

%» which is the goal of this project. We set up a computational method to

to order Grae

calculate the loop corrections in a two-body potential to a superallowed transition.

Although the project is not yet complete, we have made substantial progress toward
its realization. We have identified all diagrams contributing at the required order (~ 50
diagrams), therefore, establishing a comprehensive basis for the calculation. The types of
topologies with exemplary diagrams are placed in Appendix [Bl Building on this, we have
initiated the automation of their evaluation using tools such as FeynOnium, FeynCalc, and
Mathematica. To test and validate the automated procedure, we have carried out explicit
analytic computations of two representative diagrams: one involving photon exchange and
pion exchange, and another including two-pion exchange, which requires insertion of the
electromagnetic mass splitting. The diagrams are presented in Fig. [3.6] These calculations

confirm the consistency of our approach and provide valuable benchmarks for the automated
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framework. Work is ongoing to extend these methods to the full set of diagrams, with the

ultimate goal of delivering a systematic and reliable calculation at the desired precision.

Figure 3.5: Feynman diagram describing the contribution to the two-body potential to beta

decay at a loop level.

Figure 3.6: Feynman diagrams of loop corrections to two-body potential contributing to su-
perallowed beta decay discussed in this work. The left panel presents two two-pion exchange

potential, and the right panel presents one pion exchange and photon exchange potential.

The relevant terms in the chiral Lagrangian with electroweak external sources are
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Leg D %lul\_f(v“ —2948")TtN + h.c. (3.53)
- ‘/;g"‘(NSNﬁN dumt +hee) + %(NS“T?’N)auWO (3.54)
+ Q\f;FnluN(vu —29458") (37 — \}EWOT+)N +h.c. (3.55)
+ \}élu(ﬂoal‘ﬂ_ — 7= 0"7%) + h.c. (3.56)
F _
- Eluﬁ“w + h.c. (3.57)
+ (—eAM)NU”%(l + 73N (3.58)
+ (edy)eyue (3.59)
— 28°F?Z.mtn (3.60)

where N7 = (p,n) are respectively neutron and proton fields, 7%(a = 1,2,3) are the Pauli
matrices acting on isospin space, 27+ = 71 +i7y are the isospin raising and lowering operators,

v* = (1,0) is a unity vector and S* = (0, %) is spin 4-vector. We use the normalization

)
Fr~924 MeV.

3.8.1 Two-pion exchange

The discussed potential originates from the diagram shown in the left panel of Fig. [3.6] The

amplitude from this diagram reads

, V2GpVye? Zrghgoot
Ty = £ dF2 IAPWT leryuve] x (Oppr — 6B30p3)[(TBT TA) ® (TB7A)]
dil (1 — g2)als(l — g2)5l
o Qb B Qy Bly
< [(5757) @ (S757)] > / (2m)A 12 = m2 +i€][(l — q2)? — m2 +ie]?(—v -1+ i€)?(v- L+ ie)

(3.61)

where p1 2 are the incoming nucleon momenta, and p’172 are the outgoing nucleon momenta.

Index 1 refers to the upper nucleon line, and 2 denotes the lower nucleon line. The momentum

transfers are denoted by ¢q12 = p’1’2 — p1,2. Since we are in the potential region (where
2

@ ~ nrf—; < |¢] ~ my) we drop the external momenta on virtual nucleon propagators.

We also drop the external leptonic momenta entirely due to their soft scaling. The spin
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structure can be simplified down to a sum of terms with at most one spin vector acting on

each nucleon using commutation and anticommutation relations.

S,,,S,] = ie"*Pu, S5 (3.62)
1
{8, Su} = 5 (g™ — o) (3.63)

1 1 1
= (5°5°) ® (8787) = (5 [ie"**MveSu + (9 — v*0)]) ® (S[ie veSy + S (67 = vP0))

1
2 2
(3.64)

The isospin structure can be similarly simplified down to a sum of terms with at most one
isospin matrix acting on each nucleon. Since we are dealing with single beta decay, we know
only the 1® 71 and 72 ® 71 structures survive, so it is convenient to rewrite the above sum

in this basis.

(74, 78] = 2ieABCrC

{Ta, 7B} = 2048 (3.65)
TBITA = 1€/ AyTy + 0B/ A
TBTOTA = 0B0TA + 0cATB — 0BATC + i€poa (3.66)
= (0pp — 0B30p3)[(TBTCTA) ® (T'TA)] = (OB — 0B30R3)
X [iepraydBo(Ta ® Ty) +i€picy (TB @ Ty)
—iep'By(Tc ® Ty) + (6BBdcy — dBydcB ) (1 ® Ty)
+0po(tp @ 1)+ 0cp (B ®1) —dpp (T ®1)
+iegop (1®1)] (3.67)
= (6pp — 0B30p3)[(TBT474) @ (TpTA)| = 1@ 7T — 37T (3.68)
N.B. e;ap = 1(61AB +i€24B)

2
513=0 (3.69)

We have thus factorized the amplitude into a product of a leptonic bilinear, isospin terms,
spin terms, and a momentum space tensor loop integral. The spin terms that have exactly

one spin four vector can always be neglected between 0T — 07 states by parity and angular
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momentum arguments outlined in a later section. Therefore, the amplitude becomes:

\/iGFVud62ZTrgjgv'U'u
4F7%

% [(_eaﬁcdeﬁ'yef

+

iTiq” = X [éL’}/MVL] X(1l-—m)T

vcveQQaQQBSde)'

il Isl,
/ (2m)4 12 —m2 +i€][(l — g2)%2 — m2 + ie]?(—v - L +i€)?(v - | + ie)
+(1|®I)~/(d4l (- g3) - 1]?

4 2m)4 12 — m2 + i€][(l — q2)2 — m2 +i€)2(—v - 1 +i€)2(v - | + i€)
(3.70)

The first tensor loop integral, after extracting out the nucleon pole term, can be solved
in dimensional regularization by combining the relativistic and nonrelativistic propagators
and shifting the loop momenta. In general this integral can be decomposed as follows:

Lsy = C1925q2~ + C2G25V~ + C3V5q2~ + C4V5V~ + 659‘57. The coefficients are scalars and depend

2
on the external scales: ¢; = ¢;(v - qa ~ 23121\7 ~0,q5 ~ —|@|?, m2).
The second loop integral is a little trickier since the numerator involves the square of the
scalar product of three-momenta, which is not a Lorentz invariant quantity. One way to
solve this integral is to write the numerator as a sum of inverse propagators and solve the
sum of scalar integrals that result. Another way is to do the integration over ly first using

the method of residues and then over d3] using standard formulae.

The last steps are to simplify the product of epsilon tensors to a sum of products of Kronecker
deltas and take the non-relativistic limit to arrive at the quantum mechanical potential. We
also need to remember the contribution due to the So matrix element, but not the exchange
diagrams, since the distinguishability of particles is put in by hand in quantum mechanics,

unlike in the scattering formalism of QFT, where it is inbuilt. Putting these pieces together
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yields:
—V2GpVyqe? B 1 — 7)) 1 —
Tip Vit = [W} Zemgout] x fepmn) x (o8 g @) 4 LT g iy
q°@" - 5®) — 3V - (@ - ) 2
I
[ Am (|72 + 4m2] + (e s, mz)
(3.71)
oon _ [ —V2GpViae® P (1— 7)) o (1=m)®
TiepWiv’ = [W [Zrmgag00"7) % [eyuvi] x [F—7— ®rt® 4 g
g2(¢M) - 52 + 15(12)) )
I® I
[ 6ma (|72 + 4m2] + (@D f(q, mz)
(3.72)

512 = 71 . 72 _ 331 . §)(3? . §)
(12 + 4m2) (4 tan~1[22] — 2m,m) — 28md|q] — 9m2|ql® — |7
16mx|ql(|q1* + 4m3)?

F(ql,m3) =

(3.73)

3.8.2  One pion and one photon exchange

The discussed potential originates from the diagram shown in the right panel of Fig.

We can similarly factorize the photon exchange diagram as follows:

ot V2GEVqe?gan®
iy = I (v Py x [rs © Q)
v

d4l ZIB(Z _ q2)1/
2m)4 (1 — q2)% — m2 + i€ (—v - | + i€) [12 + ie]?

(3.74)

me—wﬁw®mx/(

Like before, the tensor integral can be decomposed as: %" = Clngg + CQQQB

v’ + c3vPgh +
cavPo? + 059'8”. In this case, the coefficients ¢, and ¢4 can be neglected since S -v = 0. Fur-
thermore, we can neglect the term proportional to g, since the spin term contains exactly
one spin 4-vector which vanishes between 0 — 0% states by angular momentum and parity

selection rules. We can in turn ignore the ¢4 term then because its a vector operator with

respect to the first nucleon’s Hilbert space.



83

The leptonic structure is more complicated than the previous example, involving the prod-
uct of three gamma matrices. It therefore needs to be reduced using the identity: v,v,7v, =
MuwYp + MopYu — MupYv — iewl,p'yo'y‘r’. We then contract this expansion with the remaining
c1 and c5 terms. The epsilon term creates vector cross product operators in the nucleonic
Hilbert space (for the ¢; term it is a momentum cross spin operator and for the ¢5 term it is
a spin cross spin operator). After these simplifications and taking the non-relativistic limit

the resulting potential is:

s —V2G pVyae?gadH°
TiepVid> = V2 FF2d€ gao leryuvr) % [T?El) @@ 4 0 g T?EQ)]

1. ., 1. _
x [g(m2, \fﬂ)iU(l) -+ h(m2, !Cﬂ)ia(l) -7
3mx|ql — (3m2 + |q1?) COt_l[%]

o2, 141) = ol (3.75)
m.|q) + 2 _ m72r cot [z

h(mZ,|q) = 7 (‘(ﬂmﬂﬂg) Uit (3.76)

(3.77)

3.3.8 Conclusion

In summary, we have established the framework necessary to compute nuclear-structure
dependent corrections to superallowed 5 decays at order GFaei, which are essential for
probing CKM unitarity tests to the 2 x 10~ level. While the project is still in progress, we
have identified all ~ 50 contributing diagrams and implemented the first steps toward their

automated evaluation.
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Chapter 4

NEW CLASS OF THREE-NUCLEON FORCES AND THEIR
IMPLICATIONS

The development of EFT methods for low-energy nuclear processes has greatly advanced
our understanding of nuclei and dense matter in neutron stars [I11, 112]. Building on Wein-
berg’s work [102, 113], chiral EFT provides a systematic framework consistent with QCD
symmetries, exploiting the separation of energy scales. It describes nucleon interactions at
momenta comparable to the pion mass but well below heavier meson masses, organizing op-
erators in a momentum expansion with higher-order terms suppressed by powers of p/A, or
mx/Ay. The corresponding low-energy constants (LECs) are fixed from experiment. A ma-
jor advantage of chiral EFT is the natural inclusion of many-body forces in a hierarchy con-
sistent with the two-nucleon force. The three-nucleon force (3NF) is essential for reproducing
binding energies, radii, and the saturation properties of nuclear matter [1111, 114 [115], and
for a realistic equation of state of neutron stars [8, [237]. For typical cutoffs A, = 450 — 500
MeV, 3N forces stabilize both nuclei and neutron stars; without them, nuclear saturation

would occur at too high density, and neutron stars would be too light and small.

The leading 3NF enters at next-to-next-to-leading order (N2LO) [161], 162], comprising
a long-range two-pion exchange, an intermediate-range one-pion exchange, and a short-
range contact term. The LECs c¢p and cg for the latter two can be constrained from
few-body observables such as light-nucleus binding energies, radii, tritium beta decay, and
n — d scattering[133] [162-164]. The long-range Fujita—Miyazawa term [167] is determined

independently from pion—nucleon scattering.

In this chapter, we identify new loop contributions to the 3N force, which arise from
operators that involve four nucleon fields and two pion fields. One of these operators is
related by chiral symmetry to the quark mass-dependent four-nucleon contact operator,

which can be interpreted as the nuclear o term [238].
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4.1 Problems with the conventional power counting

Weinberg’s power counting scheme works remarkably well in many nuclear applications;
however, it is not universally valid. Kaplan, Savage, and Wise demonstrated in Ref. [20]
that Weinberg’s approach can fail in certain channels, particularly due to issues with renor-
malization when pions are included perturbatively. Namely, Fig. shows the leading-order
contribution to the NN scattering amplitude in the KSW scheme. It consists of two inser-

tions of the contact interaction Cy and two vertices involving one pion and two nucleons.

Figure 4.1: A divergent Feynman diagram necessitating the promotion of the dy operator.
The diagram features two insertions of the contact interaction Cy, along with two pion-

nucleon vertices involving one pion and two nucleons each.

This diagram in 1Sy channel is ultraviolet divergent and therefore requires introducing a

quark-mass-dependent four-nucleon counterterm in the leading order Lagrangian.

In terms of nucleons and the chiral fields, N = (p,n)T, x4 = ulxul +uxTu, x = 2Bym,,

and U = u? = exp(i7?7?/fr) (where f, = 92.4 MeV is the pion decay constant), and

working in the isospin limit, the required interactions can be written in chiral covariant form
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Figure 4.2: Diagrams that contribute to the 3NF due to the 2m-exchange interaction induced
by insertions of the Dy operator (black circle). Solid lines represent nucleons and dashed

lines represent pions.

as follows [239],

L = [d5 NNNN +djNGNNGN] (x4),
1
= — D2 (NTRN) (NTPN) (x+)
1
— D5 (NT PN (NTPIN) () (4.1)
ab
_ 2 TOT" cab
(X+) = 4m; (121"7%5 +) ; (4.2)

where o (7%) are the (iso)spin Pauli matrices, while P; = m7io9/v/8 and P! = o20i12/1/8 are
the 1Sy and 3S; partial-wave projection operators, respectively. The scalar/tensor couplings

(d5, d') and the partial-wave couplings (Dy and D}) are related by

Do + 3D/2

Dy — D)
32 ‘

d5 = —
32

df = (4.3)

Dy and D), could be determined from pion-nucleus scattering or lattice QCD [240], but are
currently poorly constrained. In this work we estimate Do based on the scaling required by

the renormalization group equation [20]

_ gamzmy (4.4)

64m2f2

d
dlnp

m2 Do
2
Co

where Cj is the leading-order contact interaction in the 'Sy channel and 1 is the renor-
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malization scale in dimensional regularization E Similar results for the logarithmic scaling
with the cutoff hold in other regularization schemes [242].

At a generic scale the above relation implies

2,2
ag,m ~
Da(p) = 25 }; C () - (4.5)

More generally, we define the dimensionless ratio

Dy

= CTg ) (4.6)

note that Eq. predicts € = 0.26, and explore the range £ ~ 0.1 — 0.5. For typical
values of Cp, this corresponds to |Do| < 1/(5f2). In [243], the authors introduce a related
dimensionless ratio 7 = |Dym2/Cp| and suggest the range 1/15 < n < 1/3 to ensure
consistency with a perturbative treatment of the pion exchange [244] 245]. Although the
LO contact term can vary by an O(1) factor depending on the chosen regulator and cutoff,
the estimate Cy ~ 1 /m?2 is consistent with commonly employed regularization schemes, see
e.g. Refs. [103] 165, 246H249]. Since § = n/(m%éo), the range we explore here is roughly
compatible with the range suggested in [243]. In Chiral EFT, for typical A employed in
calculations, |Co| ~ 1/m2 ~ 5 fm?, and & < 0.5 predicts |Do| < 10 fm*.

When pions are treated non-perturbatively, the LECs associated with the spin-triplet op-
erators are not required for renormalization of scattering amplitudes to leading order [250].
For this reason, we assume D), < Do and neglect the contribution of the spin-triplet opera-
tors.

The D9 operator induces three-nucleon potentials through the Feynman diagrams shown
in Fig. [4.2] In momentum space, we find

2 3 =2
VK o o oy 99AD2mfr i'j' q3
‘/;]k; (Q1aQ27(J3) - 1287Tf7% Kij 6k7k:’ I( m > ) (47)

where /12;7/ = (d§5ii'5jj' + df Gy - 5j’j)/<d§ —3d3), and

() = % <1 + <2\1/5 + \/5> tan—l(\/é)) . (4.8)

!Note that Ref. [241] under-estimates the anomalous dimension in the RHS of Eq. {#.4) by a factor of
four. Our direct calculation agrees with the result of Ref.[20]
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Here ¢; = p, — p; is the exchanged momentum of nucleon ¢, and ) ¢; = 0.
Here we discuss the coordinate-space potentials induced by Dy and Fb. Performing the
Fourier transform of the momentum-space expressions in dimensional regularization (DR)

or regulating the integrals with a small imaginary part of r, we obtain

2 3
ijk (> o = _ 9gAD2m i’
‘/;/j/k/(74177"277"3) = _Wﬁﬁ Ork’
x 87 — 1) f (17 — 71),
6—22 9
= — 1
f(r)’DR 671'27"3( +2)%,
2
= =5 4.9
‘Im(r) f(r) DR + 3 (r) ’ ( )

in the case of Do, while the potential for F5 can be written as

- 15092 Fom3 1.
gk (o - = _ gal2 —1']
Viring (P, 72,73) = wﬁzj Ok
x 8% (7 — 1) g (|7 — 7).,
e > 2 3, .4
g(r)’DR = 107rW(G—&—l%—kloz +4z° + 2%)
4
53
+15 (T))
() Gl P IR (4.10)
7’ pr— /’1 —_ - T .
g Im(r) I bR T 5 2m2 ’

with Fcﬁ;-j/ = (fQS(Sii/djj/ + G ~6”j/j)/(f23 —3f%) and z = m,r. Here 7; denotes the position
of nucleon ¢ with respect to the center of mass, &, which is related to the absolute position
of nucleon ¢, by @; = ¥+ 5, with 71 + 75 + 73 =0 and ¥ = w

The effect of the above coordinate-space potentials is described by the following La-

grangian,
L) o — / 70 Ny (1) Ny () N () (4.11)
VTN (7, 7, 75) Ni(23) Nj () Ny )
where the indices denote (iso)spin, while x; and r; have the same meaning as above. The

relation to the momentum-space potentials discussed above is given by,

ijk o = oy iy, QT sk (2 = o
V;;’j’k/(rl’r%r?’)_/ el i b Z‘/;/j/k/(QIaQ%‘]S)'
92,93

(4.12)
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These integrals are singular, which leads to slightly different expressions in Eqgs. (4.9) and
(4.10) depending on the choice of regulator.

Finally, in perhaps more familiar notation, these potentials enter the Lippmann-Schwinger

equation as

9g5m; L
16’3#4 > ) (7))

T I£J£K
% [1<I>1(J>dg + o). ,,(J)dﬂ :
_ 1591247712

Vre = T6rfd Z & (7r)g(|Fxr)
T [AJEK

VD2

X [1(1)1(J)f25+0'(1) -a“’fﬂ 7 (4.13)

with a sum over nucleons I, J, and K and 7y = ¥ — 7'J.

The Dy scaling in implies the above potentials appear at N3LO, one order below
the leading N2LO 3N force. This expectation assumes a loop suppression of ~ 1/(47)2, even
though possibly large numerical factors and powers of m can be hard to predict EL Indeed,
the result of Eq. is larger than the naive expectation by at least a factor of m. As we
will see later, the Dy contributions also have a stronger momentum dependence than the
leading 3N force, giving further enhancement at large densities.

For completeness, the amplitude of the four-nucleon potential generated by the dy oper-

ator is also presented below.

_ dog? . d g. a
iT = —id(NN)y* 294 S er® S q

FA4 ((ps— )2 —m2)((p1 — p})?) — mpi2) (4.14)

where p; and py are the incoming momenta of the ’outer’ legs, and p} and p) are the
corresponding outgoing momenta. Consistent with the KSW argument, this diagram also

requires promotion by two orders in the EFT power counting.

2For example, numerically large and/or m-enhanced contributions have been encountered in 7 — N and
m-deuteron scattering [251H258]. However, there is no general power-counting that can capture such
enhancements, without explicit calculation.
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Figure 4.3: 2m-exchange interaction with ds operator contributing to 4N potential

4.2 The 3N forcess from derivative terms

The consistent renormalization of pion scattering off two-nucleons in the spin-singlet channel
also requires two other operators that describe the coupling of pions to two nucleons involving
derivatives of the pion field [259, 260]. Following Ref. [260] we write these additional 72N N

operator structures that are independent of the pion mass E|

Lo = i [Ea((v - u)?) + Folu-u— (v- u)z)]
x (NTPN) (NTPN) (4.15)
ol

[E5((v - u)?) + Fy(u-u— (v-u)?)]
)

x (NTP/N)Y(NTP/N

where u,, = i(ud,u’ — u'd,u)/2. Expanding u and retaining only the leading terms we find

that

Ly = —= 3 (NTWN) - (NTLN) (4.16)
fﬂ' a=S,T

X [eg‘(@oWA)(@owA)— 2V V| + ot

3In principle, an isospin-tensor operator of the form, (N7 P, N)(NT PyN)T (1, 7°) (u*7%) (3606 06d — SapOed)

appears in the 'Sp channel, in addition to the singlet term, ~ ap0cq, in Eq. (&.15). In fact, we find that
this operator has the same anomalous dimension as that of Eq. . We do not discuss this term any
further here, as the contributions to the 3N force are only sensitive to the singlet operator.
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where I's = 1 and 'y = &. The S,T couplings are related to the partial-wave basis in

analogy to Eq. (4.3

s _ B3R o BB

32 32
F, + 3F, F,— F!
S 2 2 T 2 2
_ —-= ~2 4.1
f5 39 , fo 39 ( 7)

We find the following renormalization group equations (RGEs) for the 'Sy operators (see

Ref. [260] for the relevant diagrams in the S; channel)

= 7x ( N )2 : (4.18)

with X € {Es, Fb}, vm, = —(14+9¢%)/3, and vp, = —g% /3. Since its RGE is similar to that of

d
dlnp

X

&

Dy, in what follows we will explore the same range for the size of I, namely, |Fy| < 1/(5f2).
The 3N potential can be calculated as in the case of the Dy operator, and in momentum

space, we find that

SN 15 2m3 —2
N A S . Ui’ S o (R 2
Vi " (@1, @, d3) T6mf3 Okk J <4m?r>
X (fﬁgéii/csjj/ + fQTO_:yZ . Ej/]’) s (419)
where
3 2
J(b) = 5 ((1 + 2b)Z(b) + 3> , (4.20)

¢ = P, — p; is the exchanged momentum of nucleon i, and > ¢, = 0. We neglect the
contribution from the Fy operator because it is proportional to the kinetic energy of the

nucleons [
4.3 Neutron and Nuclear Matter

To assess the importance of the Do and Fy terms in the 3N force, we estimate their contri-

butions to the energy per particle in uniform neutron and nuclear matter in perturbation

4One might expect these contributions to become comparable to D for Fermi momenta of ©(300) MeV,
at which point EZ, ~ mZ2. However, explicit calculation shows that the E terms only become comparable
for significantly larger Fermi momenta.
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theory. We shall assume that the Fermi Gas (FG) reference state well describes the momen-
tum distribution of nucleons in the ground state. The interaction energy density is obtained
by calculating the matrix element of the potential in Eq. in the FG ground state and
contracting the nucleon fields through,

T NN @) = [ | o oty ~ D] 6y (421

Accounting for all possible contractions, we find

WO = [ 6y~ DOy — 70k ~ 7]

< |VIE(0,0,0) = V37 (0, P, o)

o i
+Vi (P21, P2, P13) + Vi (D51, P2, i)

—Vid! (1,0, 3) — Vi (Bar, 712, 0) | (4.22)

where the second line results from contracting at least one of the nucleon lines with itself
(leading to zero exchanged momentum), while each N(x;) is contracted with a different
nucleon, N (i), in the last line. In neutron matter the 7,7,k indices only run over the
spins, while they also run over isospin in symmetric matter. The momentum integrals can
be performed and we find that the energy per particle in neutron and symmetric matter due

to the potential in (D.1]) are given by

2.9
g meQ —

ERy —W [4u5(7+3u2)cot 1(1/u)

4+ 2(3 + 7u?) log(1 + u?)

— (64 11u? + 23u4)] : (4.23)
Eh, 3(D2+Ds) (p | 993amiDa
—E = ——— = F =L T = 4.24

A 9D M 0042 B ) (4.24)

respectively. Here u = kp/my, and kp = (37°n,)"/? in neutron matter and in symmetric

matter kg = T Nnp . € energy per particle aue to € potential 1n . aKes €
tter k 3r2np/2)Y/3. Th ticle due to the potential in (D.3) takes th
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form

2.9
gamz I 2 2
BE _ _JATRT2 { (138 + 630mu — 7
NM 24192075 4 [ o+ 030mu = 735u
— 587ut + 240u® — 1260u cot ! (u) (4.25)

£ 1203(63 + 54u? + 20ut) tan_l(u)>
— 6(23 +99u2) log(1 + u2)] ,

3(Fy + Fb) 15g2m3n?
pE - e (pE “JA M Bl 4.96
SM 2F, NMT 024 f1 2 (4.26)

We can compare the above terms with the contributions of the usual three-body potential

in Egs (2.48), (2.49) and (2.50)), by plugging it into Eq. (4.22)). We start with the potential

induced by ¢1,3, which are the only couplings that contribute to both symmetric and neutron
matter. Whenever a nucleon line with a wIN vertex, ~ g4, is contracted with itself, this
leads to terms proportional to Tr(o) = 0, so that only three of the contractions in Eq. (4.22))

survive, two of which are equivalent. This gives

2mici +e3(— @) . L. . L. 2mici—c(@i— @) (@3 —q)
( )+ ( )

@ — @Rt m2f DG -ar+mils-ar+my| &2

where 71 = {1,6} and 72 = {1,2} for neutron and symmetric matter respectively. These
integrals can be reduced to a one-dimensional integral by defining the following functions

[261]7

m3
[T 0k~ i) = g 5uGs(e 0+ (3 — )G o]
m2
[t~ = GGy, (429

where = = |p]/m, and Ggy 1 are scalar integrals that can be obtained by contracting both
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sides by d;; or factors of p,

4
Gs(z,u) = %(2u2 —3) + 4x(arctan(u + x) + arctan(u — x))
1+ (u+x)?
2w —1)log ——
1
Gy(z,u) = — ( — duz(u® + 2% + 1)
T

1 2
+(ut = 2u*(x? — 1) + (2® + 1)) log w> ,

Gr(z,u) = %(87} +322) — %(1 +u2)?
1/(1+u?)? 4 2 2 2 1+ (u+ )

Using Eq. (4.28) to perform the ¢ and g3 integrals in Eq. (4.27)), we obtain

2 . "
€eis = 77164%72]?4 (—63+ (1 — ;)mﬂ&m)/o drzmSGg(z,u)

1 9 U

77222% 0 du <61‘T2 Gy (z,u)? + % (3Gs(x,u)* + 6Gr(x, u)2)> ] (4.30)

where 0,,, = 0/0m;, which matches the result of Ref. [9] for symmetric matter up to the

factor of 6, which is 1 in that reference.

The contributions from ¢4, c¢p, and cg in symmetric matter can be obtained similarly

and give
=t R
Y Y WD
€ep = m Oudxz:GS(x,u)
- M (3208 — 720" + 126® + 96 arctan(2u) — (36u% + 3) log(1 + 4u?)) |
Ecy = —%/j dz (Gs(z,u)? — Gr(z,u)?) (431)

in agreement with Ref. [9].

The resulting contributions in neutron matter and a comparison to Hartree-Fock esti-

mates of the N2LO 3NFs [9] are shown in Fig. for |Da| < 1/(5f%) and |Fp| < 1/(5f2)
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Figure 4.4: The figure shows Dy and F5 contributions to the energy per particle in neutron
matter as a function of the density. The bands are obtained by setting |Da| < 1/(5f2)
and |Fo| < 1/(5f2%). For reference, we show the contributions from the long-range Fujita-
Miyazawa 3NF induced by the LECs ¢; and c3, obtained by setting ¢; = —0.81/GeV and
c3 = —3.2/GeV [§].

while neglecting the 357 couplings. In symmetric matter, the corresponding contributions
are shown in Fig. E| The results in these figures employ the DR result for the 3N
potentials. If we instead use the regularization prescription of Refs. [249 264], the long-
range part of the potential tends to produce smaller contributions in dense matter. For
example, in the case of the Dy, the contributions in neutron matter differ by a factor of
EN/EQY = {0.10,0.29,0.59,0.78} at n = ngy, for A = {0.3,0.5,1,2} GeV, where A is
the cutoff in the scheme of Refs. [249] 264].

®The two figures use the values for ¢1,3.4 and cp g employed in Refs. [8, ] for ease of comparison of the
effects in dense matter. Note, however, that improved determinations of ¢34 are available, see e.g. Refs.
169, (262, [263].
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The prescription of Refs. [249], 264] removes the short-distance part of the Dy and F,
potentials, e.g. the pieces that are degenerate with cg, and would most likely affect the value
of cg, when used in favor of e.g. DR. In addition, Dy and F5, as well as their contributions,
depend on the regulator. This dependence is determined by requiring that tNN — 7NN
amplitude is regulator independent and cancels that of certain bubble diagrams (see Fig. 2
of Ref. [260]). In the context of 3NFs, the latter topologies are generated when the N3LO
3NFs [265-267] are combined with iterations of the LO contact interaction, Cy. This implies
that a fully consistent analysis will have to determine Dy and F5 together with the usual

contact terms cp g and include the conventional N3LO 3NFs.

4.4 Implications

For Chiral EFT to provide a useful description of nuclei and neutron-rich matter, the results
in Figs. [£4] and [£.5] indicate that Dy and F» will need to be determined rather accurately.
In an ab initio approach, they would be deduced by fitting to the binding energies of light
nuclei or from pion-nucleus scattering data. In the former approach, one would need to
simultaneously determine cp, cg, Ds, and Fy from light nuclei. Absent such constraints,
in what follows, we focus on neutron matter and adopt a phenomenological approach to
correlate Dy and F5 using empirical information about the nuclear symmetry energy So =
31.7 £ 3.2 MeV at saturation density [268].

Since the LECs associated with the 2NF and the long-range 3NF (¢; and c3) between
neutrons are well constrained by scattering data, the associated interaction energies denoted
by EZ); and El(\fﬁ/frcg), respectively, can be calculated accurately using quantum many-body
methods [8, 269, 270]. Noting that the symmetry energy is the difference between the energy

per particle of neutron and nuclear matter at saturation density, we define

65y = So — (Exm(nsat) — Esm(nsat)) (4.32)
where
Exa(ng) = By (np) + B (ng) + EGL™ (ng). (4.33)

is the neutron matter energy when contributions from Dy and F» are neglected and Egn(nsat) ~

—16 MeV.
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Figure 4.5: Same as Fig. but for symmetric matter. For the single-nucleon LECs we use
c1 = —0.76/GeV, c¢3 = —4.78/GeV, and ¢4 = 3.96/GeV, while for the 2 and 3 nucleon terms
we take cp = 2.08, and cg = 0.23 for A, = 700 MeV [9].

We correlate Dy and Fo by requiring that EI’\?M + EII\?M = 050 at ng = nga;. Approxi-
mately, we find that (100F; + 9D3) ~ —(8Sy/MeV)/ f2.

Previously in the literature, the contributions from “old” operators at N2LO to the pres-
sure at nuclear saturation density have been reported as P(ngs.) = 3.14 0.5 MeV /fm? [105]
and P(ngq) = 2.2 4+ 0.4 MeV /fm3 [270).

In comparison, the estimated contribution to the pressure from the new three-nucleon

forces derived in this work is given by

D F
0Psne = (07| =25) | +88( =
D2 F2

where D3 = F3¢/ = 1/(5F*) are the values estimated from RGEs.

MeV
f7n73 Pl (4.34)

In Fig.[4.6] we show d P, the net contribution from the Dy and Fb operators to the pressure

of neutron matter. The bands are obtained by varying Dy in the range +1/(5f2) and F; is
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determined by specifying §5y. For §Sg ~ +2 MeV, §P ~ 41 MeV /fm? at saturation density
and the uncertainty associated with the parameter L = 3P(ngat)/nsat is ~ £19 MeV. The
mild discrepancy between the EFT prediction for L and those deduced from the neutron-
skin measurement of lead using the recent parity-violating electron scattering experiment
(PREX) [271}, 272] would be alleviated if this additional uncertainty is included.

The rapid change of 0 P in the density interval ng,s — 2ngst has implications for neutron
stars and will be discussed in a separate paper [273]. The estimates of Fig. call into ques-
tion whether earlier estimates of the uncertainty associated with Chiral EF'T predictions for
the pressure of neutron star matter for ng ~ ng,t — 2ngat and its implied bounds on neutron
star radii and maximum mass will need to be revised. Assessing the quantitative impact of
these new effects will require calculations that include and determine these couplings in a
consistent manner.

As previously noted in Ref. [274], the couplings of pions to two nucleons are also relevant
to the analysis of pionic atoms and could explain the missing repulsion observed in phe-
nomenological approaches [275]. The pion-nucleus optical potential used to describe pionic
atoms also constrains Dy and Fs. Using the analysis in [274] and several optical potentials ex-
tracted by different fitting procedures in Ref.[276], we find that —15 fm* < Dy+FEy < —1 fm*.
For values in this range, the s-wave interaction of the pion inside the nucleus is adequately

repulsive to explain observed binding energies of pionic atoms.
4.5 Constraining new class of operators

The operators Ds, F5, and Es haven’t been constrained from experiments yet. In princi-
ple, these parameters could be determined through first-principles lattice QCD calculations.
Such efforts have been undertaken by [240]. Experimentally, these operators could, in prin-
ciple, be constrained in combination with ¢p and cg by analyzing few-body observables,
including nucleon—deuteron scattering, the binding energies of light nuclei, and the beta
decay of tritium. Another way for constraining these operators is through the study of
dense matter properties near nuclear saturation density, nucleon—nucleus scattering, as well
as astrophysical observables such as neutron star masses and radii, and gravitational wave

signals from neutron star mergers.



19— ——
5 i 0Sp=2 MeV ]
= L
E _
% 0 — 0So=0 MeV
=3 S
o O
W L
-5t i
I 0Sp=—2 MeV
_ 1 0 I L 1 L L 1 L L 1 L L L
0.5 1.0 1.5
nB/nsat

Figure 4.6: Dy + F5 contribution to the pressure of neutron matter.

99

We have made initial attempts to constrain these operators by combining Hartree—Fock

estimates of the three-nucleon force with two-nucleon contributions, using dense matter

properties near nuclear saturation density as input. The corresponding values are reported

in the Table. V of Ref. [277], while the two-body part of the energy per baryon was taken

from [278]. We expressed the dense matter properties in terms of the corresponding 3N

operators, and used x? fit to obtain the constraints. The results of the dependence Dy

operator on Fb in neutron matter is shown of Fig. [1.7] Total contributions to the energy per

particle in neutron matter as a function of the density is shown in Fig. [4.8

The results presented here, while primarily illustrative, highlight the remarkable potential

of this method for constraining previously unexplored operators. Two- and three-nucleon

forces using different regulators, and Hartree-Fock estimates. Nevertheless, they suggest that

dense matter properties could provide valuable constraints on the Dy and F5 operators. A

more stringent determination of these couplings will require careful many-body calculations,

and work in this direction is currently in progress.
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Chapter 5

CONCLUSIONS

This thesis has explored the use and scope of effective field theory methods in addressing
two major phenomena in contemporary nuclear physics: precision studies of beta decay as
a probe of new physics, and the theoretical understanding of strong interactions in nuclear
systems. The work bridges phenomenology, formal developments, and experimental anal-
ysis, demonstrating how EFT provides a unifying framework across vastly different energy
scales and physical systems. On the weak interaction side, beta decay has proven to be an
invaluable laboratory for testing the Standard Model and constraining new physics through
precision observables. Using the Standard Model Effective Field Theory, this thesis ana-
lyzed the dominant loop-level contributions to charged-current processes, particularly those
arising from operators involving third-generation quarks. These effects, though not present
at tree level, can influence beta decay observables through renormalization group evolution.
In conjunction with improved radiative corrections derived from chiral perturbation theory,
our theoretical efforts contribute to reducing uncertainties in the extraction of CKM matrix

elements and support ongoing tests of first-row unitarity with unprecedented precision.

Experimentally, this work included analysis from the UCNT collaboration, which has
provided the most precise measurement to date of the neutron lifetime. This measurement is
crucial for determining the axial coupling g4, and thus V4, from neutron decay. It also plays
a central role in resolving the neutron lifetime anomaly — a persistent discrepancy between
beam and bottle methods. In addition to exploring possible systematic explanations, this
thesis discussed speculative beyond-the-Standard-Model scenarios, such as dark decay modes
and mirror neutron oscillations, providing a comprehensive treatment of current theoretical

interpretations.

On the strong interaction side, the thesis presented work on the structure of nuclear

forces within chiral EFT, identifying a previously neglected class of three-nucleon operators
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required for proper renormalization. The contribution of the new 3NFs discussed in Chap-
ter [4] is large enough to warrant their inclusion in all aspects of nuclear structure studies
and calculations of the dense matter EOS. Using RG invariance to estimate the size of the
associated LECs combined with a Hartree-Fock approximation, we find that at saturation
density, they contribute a few MeV to the energy per particle of nuclear matter and their
contribution to neutron matter can be as large as 10 MeV per particle—suggesting that earlier
studies may have underestimated the EFT truncation errors. To obtain better estimates,
Dy and F5 should be included in fits to experimental data, along with the currently consid-
ered LECs ¢p and cp and N3LO 3NFs [116] [162, 165, 270, 279-282]. We hope our study
motivates the inclusion of these new 3NFs in ab initio calculations of light nuclei and look
forward to stringent constraints on the associated LECs.

Dy and Fj contributions are significant in neutron matter and highlight the role of using
a consistent renormalization procedure in Chiral EFT. The expectation that Chiral EFT can
provide a good description of neutron matter solely in terms of LECs extracted from nucleon-
nucleon and pion-nucleon scattering data would require Dy and F5 to be significantly smaller
than suggested by the RG analysis. We combined HF calculations of Dy and F5 contributions
to the energy of neutron matter with earlier Chiral EFT predictions to correlate and restrict
these LECs with empirical information about the nuclear symmetry energy. Even for values
in this restricted range, our study highlights the need to revisit EFT predictions for the
density dependence of the nuclear symmetry energy and its implications for the EOS of
neutron-rich matter and neutron stars, neutron skins of nuclei, and the interpretation of the
data from pionic atoms.

In summary, this thesis demonstrates that the EFT approach is not only a powerful
computational tool but also a conceptual framework for organizing physical insight. By
applying EFT across weak and strong interaction sectors, we have contributed to sharpening
the precision frontier of Standard Model tests and to deepening the theoretical understanding
of nuclear forces. The continuing interplay between theory and experiment will be essential

as we seek to probe new physics and further unravel the structure of matter.
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Appendix 1
NUMERICAL RESULTS FOR THE RG EVOLUTION

Table A.1: Results for U, (pw, A), which describes the ratio of Cg;(uw) at low electroweak
scale uy = 0.246 TeV to Cui(A) at high scale A =5 TeV as defined in (3.20). In the table
below, the rows correspond to the index k while the columns correspond to the index i. We

report here only the entries with |Ug(uw, A)| > 1073,

3 3 3 3 3 3
AR BENC BENCL N T
11 22 11 1221 2112 1111

c® 0 0 —0.0261 0 0 —0.0262
1111

c® 0 0 ~0.0153 0 0 —0.0154
1122

c® —0.0010  —0.0010 0.0819 0 0 —0.0154
1133

c® 0 0 0.0025 0 0 0.0025
1221

c® 0 0 —0.0113 0 0 0.0025
1331

c® 0 0 0.0025 0 0 0.0025
2112

c® 0 0 —0.0153 0 0 —0.0154
2211

c® —0.0010  —0.0010  —0.0010 0 0 0
2233

c® 0 0 ~0.0113 0 0 0.0025
3113

c® —0.0010  —0.0010 0.0818 0 0 —0.016
3311

c® —0.0010 —0.0010 —0.0010 0 0 0
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c® —0.0021 —0.0021 —0.0021 0 0 0
3333

) —0.0158 0 —0.0037 0 0 —0.0037
1111

o) 0 0 —0.0020 0 0 0
1133

c 0 0 —0.0020 0 0 —0.0020
1221

) 0 0 0.0110 0 0 —0.0020
1331

o) 0 0 —0.0022 0 0 —0.0021
2112

c%) 0 0 0.012 0 0 —0.0021
3113

c 0 0 —0.001 0 0 0
3311

c ~0.0158 0 —0.0051  —0.0156  —0.0156 1.0311
1111

c —0.0158 0 0 —-0.0160  —0.0160  —0.0157
1122

c) 0.0834 0 0 —0.0156  —0.0156  —0.0157
1133

c® 0 —0.0158  —0.0051  —0.0156  —0.0156  —0.0051
2211

c 0 ~0.0158 0 ~0.0156  —0.0156 0
2222

c) 0 0.0834 0 —0.0156  —0.0156 0
2233

c) 0 0 —0.0056 0 0 ~0.0051
3311

Cu —0.0051 0 0 —0.0051  —0.0051  —0.0052
1111

Cu 0 0 0 —0.049 0 0
1122

Cu —0.0026  —0.0026 0 1.007 ~0.0052  —0.0026
1221

Cu —0.0026 0 0 ~0.0027  —0.0026  —0.0027

C —0.0026 —0.0026 0 —0.0052 1.007 —0.0026



—0.0026

—0.0143

—0.0143

—0.0142

0.957

—0.0053

—0.0048

—0.0013

—0.0054

—0.0027

—0.0027

—0.0143

—0.0143

—0.0142

—0.005

0.957

—0.0048

—0.0013

0.9257

—0.0141

—0.0140

—0.005

—0.0053

—0.0048

—0.0013

—0.0051

—0.0026

—0.0026

—0.0026

—0.003

—0.003

—0.049

—0.0051

—0.0026

—0.0026

—0.0026

—0.003

—0.003

—0.0027

—0.003

0
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Appendix 2

ONE LOOP DIAGRAMS CONTRIBUTING TO THE TWO-BODY
POTENTIAL TO SUPERALLOWED BETA DECAY

B.1 Topology 1: © (with explicit ~y
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Figure B.1

B.2 Topology 2: YN
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Figure B.2
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B.3 Topology 3: NN with explicit v
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Figure B.3

B.4 Topology 4: Z, with pion mass splitting contributions
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B.5 Topology 5: NN (with explicit Z)
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Appendix 3
QFT VERSION OF THE POTENTIAL

The potential can be interpreted as the result of matching the usual xYPT Lagrangian,
involving nucleons and pions, onto a YEFT Lagrangian in terms of just the nucleon fields.
This second EFT can only describe interactions without pions and takes the form £, ppr =
N(iv-D+ 62/2mN)N —V, where the potential should capture the effects of pion-exchanges

and contact interactions. In this language, the potential can be written as,

V(g) = a2 |  Na(21)Ng,(02) VG2 (w1, 02) Noy (€2) Ny (21) + - .

. s
# #1,72
+&n[ ) Nﬁl (1) .. .Ngn(:zn)vaﬁll f:( Z1y...Tn)Na, (Tn) ... Noy (21]C.1)
T1...%n

where a, 8 denote (iso)spin indices, the a,, terms capture m-body potentials, and the dots
stand for 3 to n—1 body interactions. All of the appearing nucleon fields should be evaluated
at equal times, i.e. v -x; = v- X and the a; prefactors are convention dependent, Fetter &
Walecka use aa = 1/2.

The above should somehow lead to the usual QM version of the Schrédinger equation,

which, for an n-body wavefunction, takes the form

Ewalman(l'l B Z 5V2/2m1\7 + ay Zdzjva OéJ $Z, xj) L <C2)
i#j
fan 3 VR () [P ()
117£12... %

where x; denotes the position of nucleon ¢, the prefactors, a;, are again convention dependent
and the §’s should set all the 8’s that are not acted on by the potentials equal to the a’s,
Oiy oy = Hm#{il,...in} 522

To see how the above QM and QFT approaches are related, we can look at what kind
of Schrédinger equation is implied by Eq. by letting it act on the QFT version of a
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n-body wavefunction,

G(xy .. zn) = O (2. 2y)No, (21) . .. Ny, (2)]0) . (C.3)
When we act with the potential on this wavefunction, we’ll get all possible contractions of
the N fields in the potential with the N’s in the wavefunction, each of which will give a §
function through {N,(z), Ns(y)} = (27)36%(& — §)0%°. The N fields that are eliminated by
these contractions are then replaced by the N’s coming from the potential. For example,

the two-body part of V leads to n(n — 1) possible contractions,

Vapth (¢ ZVO%O% (@i, ) fr (21 ... 2p)
i#£]

X Nm (z1)... Naiq(‘rifl)Nﬁi (xl)NaZH (Tig1) .- Najq (mjfl)N (z )NaJH ($j+1) e Nan (7,,)]0) .

We can work out all the contractions in the QFT version of the Schrédinger equation,

(E — I:[)qﬁ = 0, in the same way. Using H = = [Nﬁz/%nNN + V(x) and multiplying the

resulting equation by [ - (0[Na, (yn) - .- Na, (y1), we get
Efo-an(zy 25V2/2mN+a225wvalaJ (i, x5) + ...
G
tan Yy Ve (. g;)] FOvBn(y ). (CA)
117#42... i

This implies that solving the QM version in Eq. (C.2) is equivalent to solving the QFT

version in Eq. (C.4) as long as we set a; = a;.
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Appendix 4
SPECTRAL FUNCTION REGULATOR

The Dy and F5 operators induce three-nucleon potentials, which in momentum space

take the form

- 1. 992 D2m3 ) q_’2
VI (G, G, @) = AT R g T2 D.1
ijk (QI7 q2, Q3) 12877‘](-# ’K‘;@] kk 4m72T ; ( )

where k7 = (d§6,06,;0 + d¥ Gy - 3j0)/(dS — 3d%), and

| Z(b) = 2 (1 + (1 + x/B) tan_l(\/l;)> . (D.2)

3 2v/b
For D5, and
s 15g%3m3 73
i'j Ko o0 = — _&5 , a3
‘/’Uk’ (Q17 q2, q&) 167Tf7% kk J <4m72r>
x (fgs 0iirbjj0 + [ Gori 53”;‘) ; (D-3)
where
3 2
T =z ((1 +20)Z(b) + 3> , (D-4)

for F5, where g; = p; —p; is the exchanged momentum of nucleon ¢, and > ¢; = 0. We neglect
the contribution from the Fs operator because it is proportional to the kinetic energy of the
nucleons.

The non-polynomial part of the loop functions can be written as

2 9 9 1 q
Inon—poly = M(zMﬂ' +4q )A(Q) ) A(Q) = 27(] arctan M, (D5)
for the Do operator, while for Fb
Tnon—poty (1) (2M7 +¢*)*Aq) - (D.6)

~ 10M3
The long-range part of the resulting potentials can be obtained by spectral-function regu-

larization as described in [249], via

2+2

2 [ du 7t _1+g
Xlong—range(Q) = % /2M EPX(N) <H2‘|‘(]2 + Cl (N) + CQ(M)Q2> e 2A? ) (D7)
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where X = Z,J and A is a cutoff of the order of the breakdown scale and the spectral

functions are given by

2 m 2
= 2M? — 12— —

oM2 — 22 D.
and Cy and Cy are

2
2Ap2 (2A% — 4N — ) + 277/156;72(51&2 + p?)erfe(—£-)

Ci(p) = i E (D)
2
2A(6AS — 2024 — 1S) + /27 pBean? (3A2 + p2)erfe(—L-)
Calpr) = — V2 (D.10)

12A7

where erfc(x) is the complementary error function

erfc(z) = ;% /OO dte " (D.11)

We used Xiong—range(q) in place of our loop functions, Z, 7, when computing the con-
tribution to the energy per particle. The results are shown in Fig. and Fig. for
several values of the cutoff A. The difference between our result and that obtained by using

Epelbaum’s regulator is about a factor of two for n = ng,t and A = 500 MeV.
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Figure D.1: The contribution to the energy in neutron matter, when using the regulator

suggested by Epelbaum for Ds operator.
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