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Abstract

Symmetry is a key principle in physics that links basic invariances to the structure of matter and the
evolution of the universe. In this review, we use symmetry as a unifying thread connecting nuclear
structure, nuclear reactions, and dense matter, and we highlight how symmetry-based arguments
connect laboratory observables to astrophysical constraints. We present the essential concepts in a
form accessible to a broad physics audience.
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1. Introduction

Symmetry offers a compact way to formulate the laws of nature and helps explain why sys-
tems that differ widely in scale can behave similarly. Nuclei provide a rich testing ground. They
are composed of protons and neutrons that interact primarily through the strong interaction, with
electromagnetic and weak interactions playing important roles in nuclear structure, stability, and
decay. They show a wide range of regularities and patterns. The link between symmetry and con-
servation laws is described by Noether’s theorem, which states that every continuous symmetry of
the action corresponds to a conserved quantity. Time-translation symmetry implies conservation
of energy; space-translation symmetry implies conservation of linear momentum; and rotational
symmetry implies conservation of angular momentum [1]. These invariances are built into essentially
all descriptions of nuclear structure and reactions. Discrete symmetries such as parity (P), charge
conjugation (C), and time reversal (T) play a fundamental role [50]. Violations of these symmetries test
the Standard Model. Parity violation in weak interactions was first proposed by Lee and Yang and then
confirmed experimentally by Wu et al. [46,47]. CP violation has also been observed in weak-interaction
processes [50]. The CP violation present in the Standard Model appears insufficient to account for the
observed matter-antimatter asymmetry of the universe, motivating ongoing searches for additional
sources of CP violation [2,44,45]. Searches for permanent electric dipole moments provide particularly
sensitive probes of such CP-violating physics within and beyond the Standard Model [3,4]. Beyond
these fundamental invariances, nuclear physics is shaped by approximate symmetries that reflect
properties of the nuclear force. Isospin symmetry, an approximate SU(2) invariance, treats protons and
neutrons as two states of a single nucleon with respect to the strong interaction [5,6]. Although it is
broken by the Coulomb force and by small charge-dependent components of the nuclear interaction,
isospin remains a key organizing principle [7,8]. In the strong-interaction limit, it underlies mirror
symmetry and the systematics of isobaric analogue states [8,56,133]. At the many-body level, collective
symmetries such as SU(3) and Sp(3,R) emerge from correlated many-nucleon motion and enable
compact descriptions of rotational and vibrational behavior in light and medium-mass nuclei [12-15].
Collective excitations such as giant resonances provide complementary, symmetry-sensitive bench-
marks for nuclear dynamics [58,59]. Mixed-symmetry states, identified through characteristic M1 and
E2 transition strengths, reveal the interplay of proton and neutron quadrupole collectivity [16,42].
Additional symmetry concepts, including pseudospin and F-spin, further clarify systematic patterns
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across isotopic chains [17,18,67]. Qualitatively, these patterns suggest a familiar picture: the nucleus
behaves like a quantum droplet. When many nucleons move coherently, a few collective degrees of
freedom, such as quadrupole deformation and pairing correlations, often shape what we observe.
Similar level schemes can arise from different underlying mechanisms (e.g., static deformation, config-
uration mixing in the shell model, or shape coexistence). A particularly important bridge between
nuclear physics and astrophysics is the nuclear symmetry energy S(n). It quantifies the leading
(quadratic) energy cost of isospin asymmetry in nuclear matter at baryon density # and constitutes the
isovector component of the nuclear equation of state (EoS). We adopt the standard notation [22,134]:

ds , d28
] - S(Tls), L - 31’15 % 7 Ksym - 97’15 W .

n=ng

)
ns
Here ns denotes the saturation density of symmetric nuclear matter (often denoted as ng), ns =~
0.16 fm 3. Near saturation density, | is relatively well constrained, whereas L remains less tightly
constrained by laboratory and theoretical analyses; the inferred ranges depend on the adopted models,
observables, and statistical methodology [19-22,24,25,31]. Many quoted constraints are conditional on
framework-specific correlations (e.g., within a given energy-density functional (EDF) family, within
chiral effective field theory (EFT) extrapolations beyond the fitted domain, or under specific Bayesian
prior choices). Accordingly, cross-study comparisons should report both statistical uncertainties and
framework-dependent systematics tied to modeling assumptions and calibration data. At supra-
saturation densities, the density dependence of the symmetry energy contributes to the pressure of
neutron-rich matter and influences neutron-star radii, tidal deformabilities, and crust properties, while
affecting the maximum mass more indirectly [25-27,32]. The maximum mass is primarily set by the
high-density stiffness of the EoS. Gravitational-wave observations beginning with GW170817 [28]
and subsequent GW170817-based EoS analyses, together with NICER (Neutron star Interior Com-
position Explorer) pulse-profile modeling of individual millisecond pulsars, indicate radii of order
11-13 km [29,30,144]. The growing overlap between constraints from laboratory experiments and
astrophysical observations shows why symmetry-based descriptions are useful. They provide a
shared framework for comparing results across scales. Experimental progress has also been significant.
Rare-isotope facilities such as FRIB (Facility for Rare Isotope Beams), RIBF (Radioactive Isotope Beam
Factory), GSI/FAIR (GSI Helmholtz Centre for Heavy Ion Research /Facility for Antiproton and Ion
Research), and GANIL/SPIRAL2 (Grand Accélérateur National d'Ions Lourds/Systeme de Produc-
tion d’Ions Radioactifs Accélérés en Ligne 2) increasingly probe nuclei at extreme neutron—proton
asymmetry, where weak binding and coupling to the particle continuum can enhance sensitivity
to symmetry-related effects. High-resolution charge-exchange reactions, especially modern (*He, t)
measurements, map Gamow-Teller (GT) strength distributions with energy resolutions as good as
3040 keV in favorable cases [33-36]. While these advances enhance the experimental input, quanti-
tative symmetry constraints still depend on reaction modeling, the treatment of the continuum and
correlations, and (for some observables) on reliably disentangling competing multipoles. Additional
information comes from B-decay studies of exotic nuclei, including measurements on highly charged
ions, which provide complementary constraints on spin-isospin response and isospin-symmetry sys-
tematics [39]. Parity-violating electron scattering, discussed in detail below, provides an independent
probe of neutron distributions and isovector structure [23]. Finally, precision mass spectrometry, laser
spectroscopy, and modern <y-ray spectroscopy and tracking arrays provide inputs such as masses,
charge radii, electromagnetic moments, and transition strengths that underpin quantitative studies of
isospin symmetry, its breaking, and the density dependence of the symmetry energy [37,38,40,41]. In
this review, we show how symmetry arguments organize complex nuclear many-body dynamics and
connect laboratory observables to astrophysical phenomena. We present the key symmetry concepts
in a form accessible to non-specialists.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1421.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2026 d0i:10.20944/preprints202601.1421.v1

30f25

2. Types of Symmetries in Nuclear Physics

In nuclear physics, symmetry appears in several different forms. At the most basic level, it refers
to properties that remain unchanged under specific transformations, such as rotations, translations
in space or time, or the (approximate) exchange of protons and neutrons. This leads to a hierarchy
of symmetry concepts. These include exact space-time invariances and discrete symmetries of the
underlying Hamiltonian, approximate internal symmetries such as isospin and chiral symmetry [43],
emergent collective symmetries associated with rotational and vibrational motion, more specialized
symmetries, including pseudospin and F-spin, and, finally, situations in which symmetries are broken
at the mean-field level and restored through quantum correlations. These symmetries, and the
mechanisms that break them, shape nuclear structure, nuclear reaction dynamics, and the behavior of
dense astrophysical matter. Their study constrains nuclear interaction and many-body correlations, and
it also sets the stage for the discussion of the symmetry energy and astrophysical phenomena in later
sections. We will group nuclear symmetries into six broad, interconnected classes: fundamental space—
time symmetries; collective and group-theoretical symmetries; isospin and related charge symmetries;
specialized or “exotic” symmetries that emerge in particular regions of the nuclear chart; chiral and
QCD-inspired symmetries; and symmetry breaking and restoration. Each class contributes in a distinct
way to the phenomenology of finite nuclei and infinite nuclear matter, but together they highlight the
unifying role of symmetry concepts in nuclear physics. The discrete symmetries P (parity) and T (time
reversal), as well as their combinations with charge conjugation (C), further connect nuclear physics to
particle physics and cosmology and provide some of the most sensitive low-energy probes of physics
beyond the Standard Model [2—4]. Table 1 summarizes this classification and highlights representative
symmetry concepts, their physical origins, and a few key observables.

2.1. Fundamental Space-Time Symmetries

Space-time symmetries describe invariance under time translations, spatial translations, and
rotations. These continuous symmetries underlie the familiar conservation laws of energy, linear
momentum, and angular momentum [1] and are among the most robust principles in physics. Discrete
symmetries such as parity (P), charge conjugation (C), and time reversal (T) are more subtle. In
relativistic quantum field theory, CPT invariance is expected on very general grounds [48,49]. High-
precision tests of CP, T, and CPT symmetries provide especially sensitive low-energy probes for physics
beyond the Standard Model [2—4,50].

2.2. Collective Symmetries

Collective symmetries emerge from correlated many-nucleon dynamics and offer compact de-
scriptions of rotational and vibrational modes in light and medium-mass nuclei. A classic example
is the (approximate) Elliott SU(3) symmetry of the harmonic-oscillator shell model, which organizes
quadrupole collectivity and rotational-band structures. Although spin-orbit splittings and other non-
harmonic terms break this symmetry in real nuclei, it often remains a useful organizing scheme [12-15].
Symplectic extensions such as Sp(3, R) constitute a framework for large-amplitude collective motion,
multi-fiw correlations, and deformation within a microscopic many-body description [14,15]. Col-
lective excitations such as giant resonances serve as benchmarks of nuclear response and effective
interactions in both the isoscalar and isovector channels [58,59].

2.3. Isospin Symmetry and Charge Symmetry

Isospin symmetry, introduced by Heisenberg and Wigner, treats protons and neutrons as two
quantum states (often described as projections) of a single nucleon, forming an isospin doublet [5,6]. If
this symmetry were exact for the strong interaction (i.e., neglecting electromagnetic effects and other
isospin nonconserving terms), nuclear interactions would be charge independent, and mirror nuclei
would be identical in the strong-interaction limit. Coulomb shifts break this degeneracy [7]. Isobaric
analogue states in different nuclei with the same mass number and total isospin would be degenerate
in the strong-interaction limit. Isospin symmetry is only approximate, but it captures essential features
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of the nuclear force and allows controlled deviations from it to be quantified. Accordingly, it provides
a sensitive probe of Coulomb effects and charge-dependent components of the strong interaction [7,53].
Two related invariances commonly used to classify isospin-breaking effects are charge independence
and charge symmetry. Charge independence refers to invariance under arbitrary rotations in isospin
space, whereas charge symmetry refers specifically to invariance under a 180° rotation that exchanges
protons and neutrons [7]. Charge-symmetry-breaking and charge-independence-breaking effects
are observed in scattering-length differences, mirror energy shifts, non-degenerate isobaric analogue
states, and mirror asymmetries in § decay [7,8,51]. High-precision mass measurements and systematics
of isobaric analogue states provide quantitative constraints on these effects [56], and they serve as
benchmarks for modern chiral effective field-theory interactions and energy-density functionals [43,57].
Coulomb repulsion among protons breaks isospin symmetry and generates measurable phenomena
such as mirror displacement energies, Thomas—Ehrman shifts in weakly bound nuclei, and enhanced
isospin mixing near the proton drip line [8,52-55]. Experiments on proton-rich exotic nuclei reveal
pronounced asymmetries in decay and transition strengths close to the drip line, where small separa-
tion energies enhance sensitivity to Coulomb effects and coupling to the continuum [103]. S-decay
spectroscopy of 2’S provides a representative recent experimental example [51]. Mirror nuclei serve as
probes of the charge-dependent nuclear interaction [7,52]. A particularly sensitive class of observables
is provided by mirror energy differences (MED) between analogue states in T = 1/2 nuclei. A system-
atic shell-model analysis of MED in the A = 42-54 region has been used to constrain effective isovector
interactions (V) — Vi) that include both Coulomb and nuclear charge-dependent terms [8,52]. The
results indicate that Coulomb effects alone do not reproduce the full MED systematics and that addi-
tional isospin-nonconserving nuclear contributions are required in effective Hamiltonians [52]. Such
studies therefore place constraints on charge-symmetry-breaking and charge-independence-breaking
terms in modern shell-model descriptions.

2.4. Pseudospin, F-Spin, and Other Specialized Symmetries

Some nuclear symmetries are more abstract and can be viewed as regularities in the single-
particle spectrum or in patterns of collective states. Pseudospin and F-spin are examples of such
“internal” symmetries: pseudospin helps organize single-particle levels into near-degenerate dou-
blets [65,66], while F-spin provides a useful classification of proton-neutron degrees of freedom in
collective models [18,67]. These ideas are particularly useful in heavy nuclei and along isotopic chains,
where regularities emerge despite complex spectra. In relativistic mean-field language, pseudospin
symmetry emerges as an approximate symmetry when the sum of the Dirac scalar and vector mean
fields, 2(r) = Vs(r) + Vy (r), varies slowly (i.e., dx/dr ~ 0), which corresponds to the pseudospin-
symmetric limit and reflects an underlying SU(2) symmetry of the Dirac Hamiltonian [65,66]. This
pseudospin perspective clarifies the relativistic origin of shell structure and its evolution toward
weakly bound systems. Furthermore, F-spin symmetry within the proton—neutron interacting boson
model (IBM-2) [18,67] provides a systematic way to classify proton and neutron bosons, in which
the F-spin quantum number F quantifies proton—neutron mixing. Mixed-symmetry states, typically
associated with the F-spin sector F = Fnax — 1 in the IBM-2 classification, serve as sensitive probes
of proton-neutron correlations and of the evolution of collective behavior along isotopic chains (see,
e.g., [16,68]). Near the drip lines, where nuclear binding is weak, halo nuclei such as 11 and ®He
display extended matter distributions, altered pairing correlations due to continuum coupling, and
enhanced low-energy electric dipole (E1) strength [70]. Cluster configurations, including « clustering
in 12C and 60, reveal emergent spatial symmetries and are effectively modeled using algebraic and
microscopic cluster theories [69]. Shape coexistence, defined by the presence of multiple nuclear
shapes at comparable energies, indicates the existence of competing local minima in the nuclear en-
ergy landscape and can be analyzed through configuration mixing and mean-field-based studies [71].
Unconventional pairing correlations are expected to be most pronounced in N ~ Z nuclei in the mass
A ~ 90-100 region, where neutrons and protons occupy the same high-j orbitals and isovector (T = 1)
and isoscalar (T = 0) correlations may compete [72]. Evidence consistent with a spin-aligned T' = 0
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pairing phase has been reported in the N = Z = 46 nucleus *>Pd, where the yrast level pattern was
interpreted in terms of spin-aligned neutron—proton (np) pairs [73]. This behavior differs from the level
schemes of neighbouring nuclei and suggests that approximate symmetries in the pairing channel
may evolve qualitatively toward the N = Z line. Pairing correlations can also be discussed in terms of
an approximate seniority symmetry, which classifies states by the number of unpaired nucleons and
explains level systematics near shell closures [74].

2.5. Chiral Symmetry and QCD-Inspired Symmetries

At the most fundamental level, nuclear structure and interactions emerge from quantum chromo-
dynamics (QCD) [79]. While QCD cannot yet be solved routinely for complex nuclei, its approximate
chiral symmetry provides the symmetry basis for constructing the low-energy nuclear force within
effective field theory [43,75-77]. The spontaneous breaking of chiral symmetry in the QCD vacuum
gives rise to pions as pseudo-Goldstone bosons; consequently, pion exchange dominates the long-range
part of the nuclear interaction and provides a leading contribution to its characteristic spin-isospin
dependence [43,77]. Chiral effective field theory (chiral EFT) incorporates these QCD symmetries
and provides a systematic expansion of nuclear forces, including consistent many-body interactions,
together with a systematic framework for estimating truncation uncertainties [43,77,79]. Quantita-
tive predictions and uncertainty budgets remain sensitive to regulator choices, the calibration of
low-energy constants (LECs), and assumptions about the breakdown scale of the expansion [77,79].
Within this framework, pion exchange and associated two-body axial currents provide important
contributions to GT transitions,  decay, and neutrino-nucleus scattering [78,79]. Recent ab initio
calculations based on chiral EFT interactions have clarified links between the properties of finite
nuclei, neutron matter, and the nuclear symmetry energy, enabling constraints to be propagated with
model-dependent extrapolations in density to astrophysical observables such as neutron-star radii and
tidal deformabilities [20,21].

2.6. Symmetry Breaking and Restoration in Nuclei

Mean-field descriptions of nuclei often involve intrinsic states that break symmetries of the under-
lying Hamiltonian [80]. Typical examples include the breaking of rotational symmetry in deformed
nuclei and particle-number symmetry in pairing condensates, as well as explicit isospin breaking by
the Coulomb interaction. This intrinsic (spontaneous) symmetry breaking is not an exact property of
the physical system; rather, it reflects an efficient approximation to the correlated many-body state.
Equivalently, broken-symmetry intrinsic states are convenient reference states. Good quantum num-
bers are recovered once correlations are incorporated through symmetry restoration (projection) and,
where necessary, configuration mixing. Typically, symmetry restoration is implemented by combining
projection techniques with configuration mixing frameworks such as the generator-coordinate method
(GCM) [80]. Angular-momentum projection yields states with good rotational quantum numbers and
generates rotational band structures, while particle-number projection improves the description of
pairing correlations. Collective symplectic structures may re-emerge even when SU(3)-like symmetries
are strongly broken at the single-particle level [14,15]. The interplay between symmetry breaking and
restoration provides a measure of many-body correlations and is needed for reliable descriptions of
spectra and transition strengths.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1421.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 January 2026

d0i:10.20944/preprints202601.1421.v1

6 of 25

Table 1. Classes of symmetries in nuclear physics and their physical roles (illustrative).

Symmetry Class

Representative Sym-
metries

Physical Origin and De-
scription

Key Phenomena and Observ-
ables

Fundamental space-
time and discrete
symmetries

Isospin and charge

symmetries
Collective and
group-theoretical
symmetries

Specialized symme-
tries

Chiral and QCD-
inspired symmetries

Symmetry breaking
and restoration

Time translations; spa-
tial translations; rota-
tions; discrete C, P,
T (and combinations
such as CP, CPT)

SU(2) isospin; charge
independence; charge
symmetry (p < n)

SU(3); Sp(3,R)

Pseudospin; F-spin;
clustering symmetries;
seniority /pairing

Approximate chiral
symmetry; chiral EFT
expansion

Mean-field breaking
of rotational sym-
metry and particle-
number global U(1)

symmetry;  explicit
isospin breaking
(Coulomb)

Exact invariances asso-
ciated with space-time
structure for an iso-
lated system; discrete-
symmetry conserva-
tion/violation depends
on the interaction (with
CPT invariance ensured
in local Lorentz-invariant

QFT under standard
assumptions)
Approximate internal

symmetry of the strong
interaction treating pro-
tons and neutrons as
an isospin doublet; bro-
ken by Coulomb and
charge-symmetry/charge-
independence breaking
terms

Emergent (often approx-
imate) symmetries aris-
ing from correlated many-
body motion

Approximate or emergent
regularities in specific re-
gions of the nuclear chart
and/or within restricted
model spaces

Approximate chiral sym-
metry of QCD and its
spontaneous breaking; ba-
sis for low-energy nuclear
forces and currents

Efficient approximations
that break symmetries at
the mean-field level, re-
stored by quantum corre-
lations (projection, config-
uration mixing)

Conservation of energy, mo-
mentum, and angular mo-
mentum; parity- and time-
reversal-violation tests (e.g.,
EDMs, parity-violating ob-
servables)

Isobaric analogue states
(IAS); charge-exchange
reactions; superallowed and
allowed B decay; IMME sys-
tematics; probes of isospin

breaking (MED, isospin
mixing)

Rotational bands; vibra-
tional spectra; collective
modes (including giant
resonances);  quadrupole
collectivity
Near-degenerate single-
particle doublets; mixed-

symmetry states; seniority
systematics and pairing
gaps; isoscalar T = 0 pairing

Long-range pion exchange;
consistent nuclear forces and
electroweak currents; uncer-
tainty quantification in chi-
ral EFT

Deformation; pairing con-
densates; projection meth-
ods; configuration mixing;
restoration of good quantum
numbers; shape coexistence

With this taxonomy in place, we now summarize the experimental methodologies that most

directly access these symmetry concepts and their breaking mechanisms.

3. Experimental Methodologies and Technical Capabilities

Nuclear symmetry studies depend on a broad suite of experimental approaches, each of which

highlights different aspects of nuclear structure, dynamics, and interactions in systems with neutron-—

proton asymmetry. No single observable determines all symmetry properties. Instead, constraints

are obtained by combining complementary measurements, quantifying theoretical and experimental
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uncertainties, and exploiting advances in detector development and accelerator technology. In this
section, we outline the main experimental methods used to probe the symmetry concepts introduced in
Section 2 and emphasize the observables they constrain and the dominant limitations. For each method,
we highlight specific symmetry aspects, such as the density dependence of the symmetry energy,
isospin-symmetry breaking, or the spin—isospin response, and we indicate how laboratory observables
can be connected, directly or indirectly, to neutron-star and supernova physics [24,33,81,82,84].

3.1. Heavy-Ion Collisions and the Symmetry Energy

Heavy-ion collisions probe the symmetry energy over a broad range of densities and temperatures,
but quantitative constraints depend on transport-model descriptions and their associated system-
atics [81,82,85]. The symmetry energy acts as an isovector “pressure” that drives neutron—proton
separation, equilibration, and emission [81,82]. At near-Fermi energies (roughly 30-100 MeV per
nucleon), collisions undergo compression—expansion dynamics that primarily sample sub-saturation
to near-saturation densities [81,82]. Key observables include isospin diffusion, isoscaling parameters
extracted from fragment yields [141], and neutron-to-proton spectral ratios, reflecting both mean-field
dynamics and transport properties [81-83]. Symmetry-energy information is inferred by comparison
with transport calculations rather than extracted directly from a single observable. Within transport-
model analyses, the inferred degree of isospin equilibration can decrease for a stiffer symmetry
energy, enabling constraints on the slope parameter L when combined with systematic uncertainty
estimates [24,83,86]. A central limitation is parameter degeneracy: similar trends can arise from
the isovector mean field, in-medium cross sections, cluster production, and event selection, and the
inferred symmetry-energy sensitivity can vary across transport implementations [96,139]. At higher
beam energies (roughly 400 MeV / A to several GeV/ A), experiments access supra-saturation densities
using meson and photon observables, most prominently pion and kaon production ratios [87,88].
Ratios such as 77~ /1T increase with neutron excess and, in some transport-model implementations,
have been linked to a softer symmetry energy at high density, although the interpretation remains
strongly model dependent [87,140]. The inferred high-density behavior shifts when A dynamics,
pion production/absorption, and meson potentials are treated differently. Accordingly, pion-based
constraints are conditional on the transport implementation [139,140]. Kaon ratios (K°/K*) have been
proposed as complementary probes that can be less sensitive to some late-stage hadronic effects in
certain regimes [89]. Hard photons from neutron—proton bremsstrahlung are emitted mainly in the
early, pre-equilibrium stage and, because they have comparatively little final-state interaction, provide
a penetrating probe of the reaction dynamics [90]. Quantitative inferences at supra-saturation density
can vary significantly across transport implementations due to differences in mean fields, cluster
production, in-medium cross sections, and meson potentials. Results should be reported with explicit
code dependence and prior sensitivity supported by inter-code benchmarks [96]. Key experimental
efforts include the ASY-EoS campaign at GSI [91] and large-acceptance spectrometer systems such as
SAMURAI (Superconducting Analyzer for MUIti-particles from RAdio Isotope beams) at the RIKEN
Radioactive Isotope Beam Factory (RIBF) [92] and LAMPS (Large Acceptance Multi-Purpose Spec-
trometer) at RAON (Rare isotope Accelerator complex for ON-line experiments) [93], which combine
high-granularity tracking with charged-particle and neutron detection to improve the interpretability
of isospin-sensitive observables.

3.2. Charge-Exchange Reactions and Spin-Isospin Probes

Charge-exchange reactions, such as (p,n), (n,p), (d,zHe), and (3He,t), provide a selective probe
of the nuclear spin—isospin response. They induce charge-exchange transitions in the target nucleus,
converting a neutron into a proton (or vice versa), and thus access transitions with AT, = +1 (with
AT = 0 or 1) that are the nuclear analogues of weak processes. When measured at intermediate beam
energies and very forward scattering angles (small momentum transfer), the response is dominated by
AL = 0 transitions, in particular Fermi (AS = 0) and GT (AS = 1) modes. Under g >~ 0 conditions in
the GT channel, the differential cross sections become approximately proportional to the GT transition

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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strength, once the unit cross section is calibrated [9-11]. A key challenge is that the proportionality
is not universal: it degrades as the momentum transfer increases and can be affected by multistep
processes, optical-model ambiguities, and interference with non-GT multipoles. Reliable strength
extractions therefore require reaction modeling and internal consistency checks. The dominance of
Fermi and GT components at very forward angles enables detailed mapping of GT strength distribu-
tions and studies of IAS, while measurements at finite angles and multipole-decomposition analyses
provide access to higher-multipole spin-isospin excitations [33-36]. Modern experiments can achieve
energy resolutions as good as 30—40 keV in favorable conditions, notably with dispersion-matched
setups such as Grand Raiden at RCNP (Research Center for Nuclear Physics), Osaka University [94,98].
Other spectrometers, including K600 at iThemba LABS and the S800 spectrometer at NSCL (National
Superconducting Cyclotron Laboratory)/FRIB, enable high-resolution charge-exchange studies with
competitive performance depending on optics and detector configuration [95,97]. These capabilities al-
low GT strength to be traced up to excitation energies of order 20 MeV (nucleus-dependent), providing
stringent tests of shell-model predictions and quantitative insight into configuration mixing and GT
quenching mechanisms [10,33]. In an astrophysical context, GT transitions govern electron-capture and
beta-decay rates in late stellar evolution and play a central role in neutrino—matter interactions in core-
collapse supernovae [99]. Isobaric analogue states, accessed in the same charge-exchange reactions,
constitute particularly clean probes of isospin symmetry and its breaking. Precise measurements of IAS
excitation energies and strength distributions can help separate Coulomb contributions from charge-
dependent components of the nuclear interaction and thus constrain isospin-symmetry-breaking and
charge-independence-breaking terms in nuclear Hamiltonians, albeit with residual model dependence
from reaction mechanisms and structure [8,35].

3.3. Beta Decay and Weak-Interaction Observables

Beta decay provides a complementary window on weak-interaction couplings, isospin structure,
and symmetry breaking, particularly in nuclei close to the drip lines where weak binding and coupling
to the continuum can reshape wave functions and transition strengths [102,103]. B decay probes the
vector and axial-vector weak currents through Fermi (isospin) and GT (spin-isospin) operators, thereby
constraining nuclear matrix elements that also enter astrophysical weak rates [99]. Precision tests
additionally require radiative and isospin-symmetry-breaking corrections [100]. In-flight projectile
fragmentation (or ISOL (isotope separation on-line) production) followed by implantation into highly
segmented double-sided silicon strip detectors (DSSSDs) enables event-by-event correlations between
implanted ions and their subsequent decays [101,104]. This approach supports the identification of
very rare decay branches and the detection of low-energy charged particles, including B-delayed
protons with energies down to the sub-MeV regime (and, in favorable cases, a few hundred keV),
provided that thresholds, § summing, and correlation-window backgrounds are carefully accounted
for [101,102]. Such sensitivity is especially crucial near the proton drip line, where small proton
separation energies enhance Coulomb and continuum effects and mirror asymmetries in  decay
can become pronounced; the B-decay spectroscopy of 2’S provides a representative example and
attributes a large mirror asymmetry to weak-binding effects in the proton 1s;,, orbit [51]. High-
precision half-life and Q-value measurements, using Penning traps and dedicated decay stations (and,
in selected cases, storage-ring techniques), are central to tests of the weak interaction and the unitarity
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, most notably through the superallowed 0" — 0
program. They require systematic control of radiative and isospin-symmetry-breaking corrections [100].
B-delayed particle emission (protons, neutrons, « particles) provides access to unbound states and
resonance properties in exotic nuclei and remains one of the most direct experimental routes to
spectroscopy at and beyond the drip lines. The quantitative interpretations can depend on line-shape
modeling, detector response, and feeding from unresolved states [102,103]. Beyond single-particle
emission, multi-particle decay modes (e.g., B2p, 2p, and correlated emissions) probe nucleon-nucleon
correlations in weakly bound systems. Recent developments in highly segmented implantation arrays
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and tracking detectors improve reconstruction of complex decay topologies, but demand careful
efficiency calibration and event-classification systematics [103,104].

3.4. Gamma-Ray Spectroscopy and Lifetime Measurements

Gamma-ray spectroscopy provides direct experimental access to nuclear level schemes and
electromagnetic decay patterns, enabling structural systematics that frequently expose emergent
symmetries (e.g., rotational and vibrational sequences) and their breaking. High-efficiency Compton-
suppressed HPGe (high-purity germanium) arrays such as GAMMASPHERE [105] and INGA (Indian
National Gamma Array) [40,106] provide high photopeak efficiency and excellent energy resolution,
while tracking arrays such as AGATA (Advanced GAmma Tracking Array) [41] and the GRETINA
(Gamma-Ray Energy Tracking In-beam Nuclear Array, as the first stage toward the full 47 GRETA
(Gamma-Ray Energy Tracking Array) concept) [107,108] add interaction-position reconstruction for
event-by-event Doppler correction and y-ray tracking. The measured energies establish level spacings
and band or multiplet structures. Intensities, angular distributions, and angular correlations determine
branching ratios, multipolarities, and mixing ratios, enabling quantitative comparisons with collec-
tive and shell-model descriptions. Lifetime measurements (using DSAM (Doppler-shift attenuation
method), recoil-distance /plunger methods, and fast-timing techniques) set the absolute scale of transi-
tion strengths through B(EL) and B(ML) values. The recoil-distance Doppler-shift (RDDS) method
provides access to lifetimes and absolute transition probabilities in the ~ 10712-10~Y s range over a
broad range of reactions and kinematics [109], while modern y—y fast timing with LaBr3(Ce) extends
sensitivity to very short lifetimes with well-characterized timing response functions [110]. These
observables constrain electromagnetic matrix elements and help disentangle isoscalar and isovector
components. For example, in the A = 31 mirror pair, selected E1 strengths exhibit a sizable induced
isoscalar component (reported at the ~24% level of the isovector contribution) [111]. Systematic studies
of proton-neutron mixed-symmetry excitations in vibrational and transitional nuclei provide stringent
constraints on proton—neutron quadrupole correlations and on the effective interactions used in collec-
tive models [16]. A main challenge is that precision electromagnetic matrix elements are often limited
by systematic effects rather than statistics: efficiency and summing corrections, Doppler-reconstruction
systematics (velocity distributions, stopping powers, and lineshape modeling), side-feeding and unre-
solved feeding, angular-correlation assumptions, and the treatment of background and contaminant
lines. Robust conclusions about symmetry signatures usually require redundant observables (energies,
branching ratios, mixing ratios, lifetimes) and cross-checks across reaction mechanisms and detector
configurations [109,110].

3.5. Parity-Violating Electron Scattering

Parity-violating electron scattering (PVES) uses the weak neutral current as a probe of neutron
distributions and related isovector properties relevant to the symmetry energy. The parity-violating
asymmetry arises from y-Z° interference [162,163]. The parity-violating asymmetry is defined as

__OR— 0L
- ogH+oy

Apy (2)
where o) denotes the differential cross section for right- (left-) handed electrons. The neutron weak
charge is much larger in magnitude than the proton weak charge [50,164]. As a result, Apy is primarily
sensitive to the nuclear weak form factor and thus to the neutron density, with substantially reduced
strong-interaction reaction-model dependence compared to hadronic probes [113-115]. Quantitative
extractions require treatment of Coulomb distortions, electroweak radiative corrections, acceptance av-
eraging, and backgrounds, which are among the dominant sources of systematic uncertainty [114,115].
PVES isolates the weak neutral-current response at fixed momentum transfer, constraining the weak-
charge form factor [162,163]. Translating Apy into a neutron radius or skin requires a nuclear-structure
parameterization and quantified theory input. Helicity-correlated instrumental effects and electroweak
radiative corrections often set the scale of systematic uncertainties, while the total uncertainty in
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flagship measurements can remain statistics limited. Experiments such as PREX (Pb Radius Exper-
iment) [113,115] and CREX (Ca Radius Experiment) [114] employ highly polarized electron beams,
precision magnetic spectrometers, dedicated Cherenkov detectors, and ultra-stable helicity control
and beam monitoring to measure extremely small asymmetries. For elastic scattering at PREX/CREX
kinematics, the asymmetries are typically at the sub-ppm to a few ppm scale (i.e., O(102-10%) ppb),
e.g., Apy ~ 5.5 x 10? ppb for 2%Pb and Apy ~ 2.668 x 10° ppb for *¥Ca depending on the kinemat-
ics [113,114]. Related parity-violation measurements on the proton (Qweak) probe the weak charge
of the proton at comparably small asymmetries [112]. PVES enables the extraction of neutron radii
and neutron-skin thicknesses with reduced strong-interaction model dependence via correlations
within nuclear energy-density functionals. These measurements provide indirect constraints on the
density dependence of the symmetry energy, commonly parameterized by the slope L [22]. PREX-II
indicates a comparatively large neutron skin in 2%Pb [113], while CREX favours a smaller neutron skin
in “8Ca [114]. Achieving a consistent description across nuclei and momentum transfers has therefore
become a key benchmark for EDF developments and uncertainty-quantified inferences [22,116]. The
mapping from neutron-skin data to L is correlation driven and therefore conditional on the assumed
EDF family and calibration strategy. PVES most directly constrains the weak form factor at the
measured ¢, while the symmetry-energy inference adds a model-dependent step.

3.6. Radioactive Ion Beams and Exotic Nuclei

Radioactive ion beam (RIB) facilities such as RIKEN, GSI/FAIR, FRIB, ISOLDE (Isotope Sepa-
rator On Line DEvice) at CERN, and SPIRAL2 enable systematic studies of nuclei far from stability,
where weak binding, continuum coupling, and isospin asymmetry amplify symmetry breaking and
emergent collective patterns. RIBs provide access to nuclei with extreme N/Z, allowing tests of
nuclear interactions and many-body approximations in regimes that are inaccessible with stable
beams. In-flight fragmentation and separation offer broad isotope coverage at intermediate and high
energies, while ISOL techniques can deliver beams of high purity and excellent beam quality for
precision experiments. Precision masses and selected spectroscopic observables can be extended to
very short-lived nuclides using storage-ring techniques (including isochronous and Schottky mass
spectrometry), reaching lifetimes from the tens-of-ys to ms regime in favorable conditions, depend-
ing on the mode and nuclei [117-119,128,129]. RIB experiments probe halo and skin phenomena,
shell evolution, and isospin mixing in weakly bound systems through different reaction mecha-
nisms. Coulomb excitation in inverse kinematics provides access to E2 and E3 matrix elements and
hence to deformation, shape coexistence, and proton—neutron collectivity, including mixed-symmetry
quadrupole modes [16,120,121]. Knockout, breakup, and charge-changing reactions, analyzed with
eikonal /Glauber-based and continuum-sensitive descriptions, provide spectroscopic information
and can constrain neutron-skin trends and symmetry-energy-related systematics when combined
with theory [84,120]. Invariant-mass spectroscopy of unbound states in neutron-rich nuclei relies on
large-acceptance spectrometers and high-efficiency neutron time-of-flight (ToF) arrays. Representative
systems include LAND (Large Area Neutron Detector) at GSI and large-acceptance spectrometers
SAMURALI at RIKEN, as well as MoNA-LISA (Modular Neutron Array-Large multi-Institutional
Scintillator Array) at NSCL/FRIB for multi-neutron detection [122-125]. Here, the dominant experi-
mental uncertainties are cross talk, efficiency calibration, and acceptance effects. On the theory side,
continuum dynamics and final-state interactions can dominate the extracted resonance properties.
Results should therefore be reported together with clearly stated reconstruction procedures, efficiency
and cross-talk corrections, and sensitivity studies to the adopted reaction and continuum models [125].

3.7. Precision Mass Measurements and Isospin Structure

Nuclear masses encode binding energies and their finite differences (separation energies and
Q values), and therefore provide direct, weakly model-dependent references for isospin systematics
and for astrophysical reaction networks [37,126]. Penning-trap facilities such as ISOLTRAP (ISOLDE
TRAP), TRIGA-TRAP (Training, Research, Isotopes, General Atomics TRAP), SHIPTRAP (Separator
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for Heavy Ion reaction Products TRAP), TITAN (TRIUMF’s Ion Trap for Atomic and Nuclear science),
LEBIT (Low Energy Beam and Ion Trap), and JYFLTRAP (Jyvaskyld TRAP) can achieve relative mass
uncertainties down to the 107~10~8 range in favorable cases, while precision for the shortest-lived
species is typically limited by cycle time, isomeric contamination, and count-rate systematics [37,127].
These data support Coulomb displacement energies, enable stringent tests of the isobaric multiplet
mass equation (IMME), and quantify isospin-symmetry-breaking contributions that must be con-
trolled in precision weak-interaction studies and in global modeling [126]. Storage-ring techniques
(isochronous and Schottky mass spectrometry) extend precision mass access to nuclides with very
short lifetimes, reaching lifetimes from the tens-of-ys to ms regime in favorable conditions, depending
on the mode and nuclei [117,128,129]. Because the ions are stored and repeatedly observed, storage
rings provide access to both masses and decay properties in the same experimental environment,
but this advantage comes with calibration-dominated uncertainties. Storage-ring mass extraction is
intrinsically calibration-driven: magnetic-rigidity drifts, non-isochronicity corrections, charge-state
ambiguities, and acceptance effects must be accounted for [128,129]. In astrophysics, such masses
provide key inputs to r-process modeling and to neutron-star crust composition calculations, and they
also benchmark global mass models used in broader symmetry-energy systematics [117,126].

3.8. Experimental Limitations and Systematic Uncertainties

Despite substantial experimental progress, studies of nuclear symmetries and symmetry breaking
remain constrained by both instrumental effects and interpretative (model-mapping) ambiguities.
Improved detector segmentation, fast digital signal processing, and high-granularity tracking have
improved particle identification and background rejection. Active-target time-projection chambers
(TPCs) and related target and vertexing concepts extend sensitivity to low-energy recoils and weakly
bound systems by combining large acceptance with low thresholds, but they introduce their own
challenges (field non-uniformities, space-charge distortions, gain stability, and efficiency calibration)
that must be assessed case by case [130,131]. Machine-learning (ML) methods are increasingly applied
for event reconstruction, particle classification, detector monitoring, and uncertainty quantification.
A core methodological requirement is physics-informed validation: ML-assisted results should be
benchmarked against controlled simulations and calibration data [132].

The experimental approaches reviewed in this section provide complementary and mutually
constraining probes of nuclear symmetries and symmetry breaking. Heavy-ion collisions and charge-
exchange reactions constrain the density dependence and spin-isospin response; beta decay and
v spectroscopy elucidate isospin structure, collectivity, and shell evolution; precision masses and
parity-violating electron scattering provide comparatively model-robust references for binding-energy
trends and neutron-density systematics.

4. Symmetry Energy and Nuclear Astrophysics

The nuclear symmetry energy provides a practical bridge between finite nuclei and bulk neutron-
rich matter [22,24,27]. In the standard parabolic expansion of the energy per particle in homogeneous
matter [24,27,134],

e(n,0) = e(n,0) + S(n) 6> + O(*), (3)

the isospin asymmetry is § = (1, —n,)/n with n = n, 4+ n,. Here S(n) is the (quadratic) symmetry
energy in the parabolic approximation and quantifies the leading isovector contribution, i.e., the
energy cost of neutron—proton imbalance at density n [20,21,27]. We recall the standard definitions
of ], L, ns and Ksym in Equation (1). While the quadratic term typically dominates around saturation
density, higher-order terms can become relevant in very neutron-rich matter at higher densities.
Their impact should be propagated as a systematic uncertainty when extrapolating to neutron-star
conditions [135,136]. A broad range of analyses suggest a symmetry-energy value at saturation
of | in the low-30 MeV range and a slope parameter L of order a few x10 MeV. However, the
inferred intervals remain method dependent, reflecting differences in the adopted framework (EDEF,
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chiral EFT, transport-based inference, or astrophysical Bayesian analyses), dataset selection, and prior
assumptions [22,24,134]. In the following, we will highlight how constraints on | and L arise from finite
nuclei, heavy-ion collisions, and multimessenger observations, and how they propagate to neutron-star
radii, tidal deformabilities, and crust properties.

Figure 1 summarizes the inference chain linking symmetry concepts in the isovector sector to
laboratory observables, nuclear-matter quantities, and neutron-star properties. The middle step
relies on model calibration and statistical inference, so correlations must be interpreted together
with theoretical and experimental uncertainties. We denote the neutron-skin thickness by Arnp, the
electric dipole polarizability by ap, and the parity-violating electron scattering asymmetry by Apy.
For neutron-star observables, R 4 and A 4 denote the radius and tidal deformability of a 1.4 M, star,

respectively.
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Figure 1. Schematic inference chain linking laboratory observables to neutron-star radii and tidal deformabilities
through the isovector sector of the nuclear EoS (illustrated for the symmetry-energy slope L).

4.1. Symmetry Energy at and Below Saturation Density

Hadronic probes, dipole polarizability, isovector giant resonances, and PVES constrain neutron den-
sities and the isovector response, with differing levels of strong-interaction model dependence [22,24,58].
Neutron-skin thicknesses, defined as the difference between neutron and proton rms radii (e.g. in
208Pb and #8Ca), correlate with the pressure of neutron-rich matter near and below saturation density
and, within many model families, with the slope parameter L: larger L typically implies thicker
skins [22,24,137,138]. The strength and linearity of this correlation are functional- and prior-dependent;
thus, quantitative constraints on L should be reported together with the assumed model class and
calibration strategy [22]. Isobaric analogue states (IAS) provide a clearer understanding of symmetry
coefficients across nuclei when analyzed under charge invariance, and they can be combined consis-
tently with mass information [133]. The systematic studies of the electric dipole polarizability across
isotopic chains, combined with EDF and ab initio calculations, support well-characterized correlations
between ap, neutron skins, and the density dependence of the symmetry energy [22,62-64]. Low-
lying dipole strength (often discussed in terms of pygmy dipole excitations) can add sensitivity to
sub-saturation behavior, although its interpretation is more model dependent and should be treated
accordingly [22,60,61,64].

4.2. Heavy-lIon Collisions and Symmetry Energy at Finite Temperature

Heavy-ion collisions constrain the isovector sector of the EoS at finite temperature over
a broad density range, but only through transport-model interpretations and their associated
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systematics [81,82,139]. At near-Fermi energies, isospin diffusion in semi-peripheral collisions re-
flects neutron—proton transport across the low-density neck region. Within transport descriptions, the
degree of isospin equilibration is sensitive to the density dependence of the symmetry energy around
and below saturation. For many commonly used parameterizations (at fixed J), larger L implies a
smaller S(n) at sub-saturation density and can therefore suppress diffusion, with a quantitative map-
ping that is framework dependent [24,83,86]. Complementary information is provided by isoscaling
analyses of fragment yields, which constrain an effective symmetry free-energy coefficient and its
temperature dependence; however, the mapping to the underlying symmetry energy depends on
assumptions about clustering, secondary decay, and the statistical ensemble [81,82,141]. The synergy
between heavy-ion collisions and nuclear structure observables is crucial: structure data constrain
the symmetry energy around n,, while collisions extend sensitivity to finite temperature and, poten-
tially, to supra-saturation densities. The astrophysical relevance is primarily twofold: collisions probe
neutron-rich matter away from f equilibrium and at finite T, and they can access densities that overlap
with the regime controlling neutron-star radii and tidal deformabilities. Because collisions probe hot,
transient matter out of B equilibrium, any astrophysical extrapolation must explicitly account for
thermodynamic differences and the framework dependence of the transport-to-EoS mapping [24,139].

4.3. Symmetry Energy, Neutron Stars, and Dense Matter

Neutron stars provide natural laboratories for testing the EoS at densities up to several times
saturation, and hence for constraining the symmetry energy within nucleonic and other neutron-
rich matter descriptions [25-29,31]. To first approximation, a neutron star consists of a neutron-
rich crust and a cold, charge-neutral core in B equilibrium [26,27]. In nucleonic descriptions, the
isovector sector of the EoS, including the symmetry energy, plays an important role. At higher
densities, where additional degrees of freedom may appear, the mapping to a single “symmetry
energy” becomes increasingly composition dependent and should be stated together with the assumed
composition. The mass-radius relation is highly sensitive to the EoS. For a given EoS, the Tolman-—
Oppenheimer—Volkoff equations yield a family of mass—radius curves. The pressure of S-equilibrated
matter at around and moderately above saturation influences the radii of typical neutron stars, while
the high-density behavior of the EoS largely determines the maximum supported mass [25,27,29].
Observations of neutron stars with masses close to two solar masses therefore set a robust lower
bound on the overall stiffness of the EoS at high density [142,143], although this constraint does not
by itself isolate the symmetry-energy contribution. At sub-saturation and near-saturation densities,
the symmetry energy and its slope govern the pressure of neutron-rich matter and affect the location
of the crust—core transition, crust thickness, and the properties of nuclear “pasta” phases. These
features can influence crustal oscillations, glitch phenomenology, and cooling behavior, in combination
with pairing and neutrino-emission microphysics [26,27]. The dimensionless tidal deformability
measured in gravitational-wave events such as GW170817 is sensitive to stellar compactness and
thus to the EoS [28,29]. Analyses of GW170817 have yielded bounds on the tidal deformability of a
1.4 M neutron star [144], constraining the EoS most robustly at intermediate densities relevant for
typical radii; sensitivity to the highest-density regime is more prior and parameterization dependent.
While the symmetry energy is only one component of the total pressure, its behavior at around
and above saturation remains important for neutron-rich matter, particularly within nucleonic EoS
models and when assessing possible composition changes with density. In many recent studies,
laboratory constraints on the symmetry energy around saturation density are combined with neutron-
star mass—radius and tidal-deformability data in Bayesian frameworks to infer posterior distributions
for the EoS (and the implied symmetry energy) over a wide density range [27,29,31,86]. These studies
generally suggest a moderately stiffening isovector sector with increasing density within nucleonic
models, while significant uncertainties remain at higher densities, where additional degrees of freedom
may appear and inference outcomes depend strongly on model choices and priors.
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4.4. Multimessenger Constraints and Consistency Across Scales

Multimessenger astrophysics enables cross-checks across systems and helps tighten constraints
on the symmetry energy and the EoS. Gravitational waves from compact binary mergers constrain
tidal deformability and thus the equation of state [28,29,144]. Multimessenger analyses, beginning
with GW170817 and complemented by NICER pulse-profile modeling, support neutron-star radii
of order ~11-13 km for typical masses within many inference frameworks [29,30]. Neutrino and
electromagnetic signals from supernovae and kilonovae depend on the EoS and the symmetry energy,
although current constraints remain scenario dependent [27,31] and are entangled with additional
physics (e.g., neutrino transport, opacities, composition, and magnetic fields). A notable feature
of recent studies is the increasing overlap between laboratory constraints around ngs and multimes-
senger inferences at the densities most relevant for typical neutron-star radii within nucleonic EoS
assumptions; however, several mappings (notably from neutron skins or tidal deformabilities to L) are
correlation driven within a chosen theory class, so credible intervals should be reported together with
the adopted model class, calibration dataset, and priors [22,24,25,27-29,31,86]. Constraints from finite
nuclei, nuclear reactions, and multimessenger observations support a broadly consistent picture of
the symmetry energy from sub-saturation densities up to a few times n: laboratory data primarily
anchor the behavior around #s, while neutron-star mass-radius and tidal-deformability measurements
restrict viable EoS families at higher densities [22,24,25,27-29,31,86]. Significant uncertainties remain
at the highest densities, where additional degrees of freedom may appear, but the set of EoS models
compatible with current data has narrowed since GW170817.

5. Precision Symmetry Tests and Frontiers Beyond the Standard Model

So far, we have emphasized how symmetry and symmetry breaking organize nuclear structure
and connect finite nuclei to neutron stars. We now move to precision tests at the fundamental level,
where extremely small symmetry violations can provide strong sensitivity to physics beyond the
Standard Model. The aim is to search for effects that are highly suppressed within the Standard
Model such as permanent electric dipole moments (EDMs), neutrinoless double-f decay, and parity-
violating observables and to translate null results or discoveries into constraints on effective CP-,
T-, and lepton-number-violating interactions [2—4,147-149]. Precision studies in nuclei, atoms, and
molecules complement studies using high-energy accelerators. High-energy accelerators access new
degrees of freedom directly at high momentum transfer, whereas low-energy systems can be highly
sensitive to very weak symmetry-violating effects and can probe extremely high effective scales
through interference and coherence. The primary challenge is interpretation. The discovery potential
of EDM, parity-violation, and OvBp programs relies not only on experimental systematics (background
and stability) but also on quantitatively reliable atomic, molecular and nuclear-structure inputs (many-
body correlations, operator renormalization, and uncertainty propagation) [2,3,147,149]. Advances in
radioactive ion beam production and high-resolution spectroscopy broaden the range of nuclei and
molecules that can be exploited for enhanced sensitivity, while electronics developments provide new
tools for precision control and readout.

5.1. Time-Reversal Violation and Electric Dipole Moments

A permanent EDM corresponds to an intrinsic separation of positive and negative charge within
a system that persists even in the absence of external fields. For a non-degenerate stationary state, a
nonzero EDM violates both parity (P) and time-reversal (T) symmetries; assuming CPT invariance,
this implies CP violation. Since Standard-Model EDM expectations are many orders of magnitude
below present experimental sensitivities, the observation of a nonzero EDM would provide compelling
evidence for CP violation beyond the CKM mechanism, potentially arising from, e.g., supersymmetric
phases, extended Higgs sectors, leptoquarks, or left-right symmetric interactions [2—4]. Nuclear, atomic,
and molecular systems provide particularly stringent EDM probes because symmetry-violating effects
can be strongly enhanced by structure and collectivity. Current neutron EDM measurements constrain
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the neutron EDM to the level of |d,| < 1.8 x 1072°ecm (90% C.L.) [146], whereas Standard-Model
contributions are expected to be many orders of magnitude smaller. Future efforts aim for one—to—
two orders of magnitude improvement through increased ultracold-neutron statistics, improved
magnetic-field control, and reduced systematic effects [2]. A positive signal in any EDM channel
would have major implications for particle physics and cosmology, providing a new source of CP
violation potentially relevant to the baryon asymmetry of the Universe [44,45]. In nuclei with octupole
deformation ("pear-shaped" nuclei), parity-doublet structures and collective motion can amplify P, T-
odd interactions, leading to enhanced nuclear Schiff moments and, consequently, increased sensitivity
of atomic EDMs to hadronic sources of CP violation [151-153,155]. Isotopes such as ?>°Ra are therefore
prominent candidates for next-generation searches, and the first atomic-EDM measurement in *’Ra
has demonstrated the viability of radioactive-atom techniques in this channel [154]. Complementary
enhancement mechanisms arise in certain molecules through nuclear P, T-odd moments such as MQMs
(magnetic quadrupole moments) [150].

5.2. Neutrinoless Double-Beta Decay and Lepton-Number Violation

Ordinary double-beta decay (2vBf) emits two electrons and two antineutrinos. In the neutri-
noless mode (OvSf), two neutrons transform into two protons and two electrons without neutrino
emission. Observation of OvBp would therefore demonstrate lepton-number violation and, in a model-
independent sense, imply that neutrinos have a Majorana component (the “black-box” connection
between OvBp and Majorana mass) [157]. Ovp tests whether the neutrino is “its own antiparticle” in
the low-energy effective theory. As such, it provides a sensitive probe of lepton-number violation,
which is a key ingredient in many scenarios for generating the cosmic matter-antimatter asymmetry
(e.g. via leptogenesis), even though the mapping from a low-energy signal to the high-scale origin
is mechanism dependent [148,156]. Current searches reach the > 10?° yr scale in leading isotopes,
including 1%Xe and 7°Ge [158,159]. Next-generation programs such as LEGEND-1000 (Large Enriched
Germanium Experiment for Neutrinoless 8 Decay) and nEXO (next Enriched Xenon Observatory)
target sensitivities approaching or exceeding ~ 10% yr, corresponding (for light-neutrino exchange) to
effective Majorana masses in the O(10) meV range, with the exact mapping set by nuclear matrix ele-
ments and axial-coupling assumptions [160,161]. Interpreting any Ov g signal (or null result) requires
reliable nuclear matrix elements (NMEs), which remain a principal theoretical uncertainty. State of the
art calculations span large-scale shell-model approaches, quasiparticle random-phase approximation,
energy-density-functional methods, and emerging ab initio calculations with quantified uncertainties,
including efforts based on chiral EFT interactions and consistent weak operators [148,149]. Experi-
mental data including charge-exchange measurements of spin—isospin response and transfer reactions
that benchmark pairing and occupancies provide important constraints on "ingredients" of nuclear-
structure descriptions and are increasingly used to validate and discriminate NME frameworks, though
they do not specifically fix the full Ov38 NME on their own [149].

Lastly, although the conventional mechanism is light Majorana neutrino exchange, other short-
range or exotic mechanisms (such as heavy sterile neutrino exchange, right-handed currents, or
operators mediated by leptoquarks and supersymmetry) may also play a role. Regardless of the
predominant underlying mechanism, the positive observation would indicate new physics beyond the
Standard Model [148,156].

5.3. Parity Violation and Electroweak Symmetry Tests

Parity violation corresponds to interactions that distinguish left from right. Experimentally, it
appears as tiny helicity-dependent asymmetries in otherwise ordinary atomic, nuclear, or scattering
observables, driven by the chiral structure of the weak interaction. In electron scattering, parity
violation arises from interference between electromagnetic and weak neutral-current amplitudes and
provides sensitive low-energy tests of electroweak couplings and possible physics beyond the Standard
Model [162-164]. In nuclei, additional parity-violating effects can arise from hadronic weak interactions
that mix opposite-parity nuclear states, and in atoms from weak-charge-induced mixing that must
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be interpreted with high-precision atomic theory [4]. PVES in nuclei primarily constrains neutron
distributions. Related measurements also test neutral-current structure and the running of the weak
mixing angle, complementing high-energy collider searches. The quantitative interpretation requires
controlled electroweak radiative corrections and hadronic and atomic-structure inputs [112,164].

5.4. CPT Symmetry and Precision Antimatter Spectroscopy

CPT symmetry states that physics is unchanged under the combined operations of charge con-
jugation (C), parity (P), and time reversal (T). It is a cornerstone of local, Lorentz-invariant quantum
field theory. Qualitatively, CPT implies that matter and antimatter counterparts have exactly identical
masses and (appropriately signed) moments. Atomic and nuclear physics contribute to CPT tests
through antihydrogen spectroscopy and Penning-trap comparisons of particle and antiparticle proper-
ties. Recent milestones include antihydrogen hyperfine spectroscopy and precision transition mea-
surements in antihydrogen, as well as high-precision proton-antiproton charge-to-mass comparisons
and parts-per-billion antiproton magnetic-moment determinations [165-168]. The main challenges are
experimental: magnetic-field stability and calibration, trap-related line-shape systematics and long-
term control of correlated drifts. Any statistically significant deviation from CPT invariance would
challenge the standard theoretical framework and would require either Lorentz-violation scenarios or
departures from conventional quantum field theory assumptions [167,168].

5.5. Radioactive Molecules as Precision Symmetry Probes

Molecules containing heavy (and in some cases radioactive) nuclei combine enormous internal
effective electric fields with rich level structure. These systems amplify symmetry-violating interactions:
a very small effect can produce a comparatively large, measurable signal. Heavy polar molecules
have enabled leading searches for the electron EDM (e.g., ThO) and complementary measurements
with trapped molecular ions (e.g., HfF "), while radioactive molecules such as RaF are promising for
enhanced sensitivity to hadronic CP violation through nuclear Schiff moments [145,169-171].

5.6. Future Directions in Symmetry Tests

In our opinion, future developments in nuclear symmetry tests will be supported more by consis-
tent, technically challenging improvements in experimental sensitivity and theoretical interpretation
than by the introduction of new symmetry notions. In the search for time-reversal and CP violation,
EDM experiments are expected to remain a central focus. Improvements in source intensity, trapping
efficiency, magnetic-field stability, and background rejection will contribute to enhanced sensitivity.
The most promising gains are expected in heavy atoms and molecules and in octupole nuclei, where
electronic and collective nuclear structure can amplify CP-odd interactions (e.g., via enhanced Schiff
moments) [2—4,150]. As half-life sensitivities for neutrinoless double B decay move toward and beyond
10?8 years, interpretation becomes increasingly limited by nuclear-structure inputs (matrix elements
and effective axial coupling), supporting the coordinated programs that combine decay searches
with charge-exchange and two-nucleon transfer constraints and with modern many-body calcula-
tions, including chiral-EFT-informed approaches [148,149,156]. Advances in atomic and molecular
spectroscopy—particularly in heavy systems—will further expand precision access to parity- and
CP-violating observables through level shifts and transition amplitudes that can be extremely difficult
to reach in nuclear experiments alone [2,4]. As experimental sensitivities advance, the limiting factor
in many symmetry tests will not be the ability to measure small effects, but the confidence with which
those effects can be traced back to specific underlying interactions [2,3]. Across all of these areas,
progress will depend as strongly on theory as on experiment. Improved uncertainty quantification in
nuclear many-body calculations, clearer connections between effective-field-theory interactions and
measured observables, and consistent treatments of symmetry breaking and restoration are crucial for
drawing robust conclusions from increasingly precise data.

The symmetry tests in nuclear, atomic, and molecular systems will remain a precision-driven
science. It will require scrutinizing well-understood observables, often at substantial cost in beam time,
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detector development, and theoretical effort, while reaching into regimes where even minor symmetry
violations would have unambiguous implications for fundamental physics.

6. Conclusions

This review has emphasized symmetry as a unifying notion in nuclear physics, offering a common
framework for understanding phenomena ranging from searches for physics beyond the Standard
Model to the structure of finite nuclei and neutron-star properties. Approximate symmetries in
nuclei, including isospin, pseudospin, and collective dynamical symmetries associated with SU(3) and
Sp(3,R), play a central role in shaping spectra, transition patterns, and emergent regularities. Their
systematic breaking — through Coulomb effects, shell evolution, continuum coupling, and spin—orbit
coupling is more than just a difficulty. It provides detailed and often quantitative information on the
effective nuclear interaction and correlated many-body motion. Recent advances in high-resolution vy
spectroscopy, charge-exchange reactions, precision mass measurements, and radioactive-ion-beam
experiments have improved our ability to isolate and quantify such effects, especially in regions
far from stability where weak binding and strong isospin asymmetry amplify both structure and
symmetry breaking. At the macroscopic level, the nuclear symmetry energy provides a direct bridge
between finite nuclei and neutron-rich matter in astrophysical environments. Constraints from neutron
skins, dipole polarizability, and heavy-ion collisions are increasingly compared with those inferred
from neutron-star mass—radius measurements, tidal deformabilities from gravitational waves, and
X-ray timing. This emerging convergence has begun to narrow the range of feasible equations
of state near saturation density and often favors moderately stiff behavior within nucleonic EoS
families. However, mapping from observables to EoS parameters remains correlation- and model-class
dependent; credible intervals must therefore be quoted together with the assumed parameterization,
composition, and prior choices. Important uncertainties persist at supra-saturation densities, where
additional degrees of freedom and phase transitions may become relevant. Nuclear, atomic, and
molecular systems can amplify extremely small symmetry-violating effects and thereby provide
sensitive probes of CP violation and physics beyond the Standard Model. Searches for electric dipole
moments, neutrinoless double-p decay, and parity-violating observables continue to push experimental
sensitivity into regimes that are complementary to high-energy collider probes. The limiting factor is
not the measurement itself but the confidence with which a null result or discovery can be traced back to
specific underlying operators. This emphasizes the need for nuclear many-body theory with controlled
theoretical errors and transparent uncertainty quantification. Next-generation rare isotope facilities will
extend reach toward the most neutron-rich and proton-rich systems, while continued improvements
in detector technology, beam delivery, and data-analysis methods will reduce systematic uncertainties
that currently limit symmetry-based constraints. On the theory side, sustained integration of ab
initio approaches, EDF methods, and astrophysical modeling with consistent treatments of symmetry
breaking and restoration will be needed to maintain coherence between laboratory observables and
dense-matter phenomenology. Symmetry transcends mere classification; it helps relate different
measurements, identifies robust correlations, and reveals the limitations of current models. Nuclear
physics provides insight into the structure of matter and the governing interactions across scales, from
nuclei to neutron stars, by investigating the conditions under which symmetries hold and fail.
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