
www.physicsresjournal.comhttps://doi.org/10.29328/journal.ijpra.1001166 281

Review Article

A Review of Recent Progress 
Concerning the Mass of Photons: 
Advancing Experimental 
Equipment via Cryogenic 
Technologies
Alexios Kouzalis1* and Antonios Antoniou2,3

1RUDN University, Moscow, Russian Federation
2European University Cyprus, Nicosia, Cyprus
3Minjiang University, Fuzhou, China

More Information 

*Corresponding author: Alexios Kouzalis, Building 1,
Bravo Shopping Mall, Xian, China, 
Email: alexiskouzalis@gmail.com

 https://orcid.org/0000-0002-0986-7896

Submitted: September 26, 2026
Accepted: September 29, 2026
Published: September 30, 2026

Citation: Kouzalis A, Antoniou A. Relativistic Quantum 
Theory Extended to the Universe - The New Constant 
Hx and how it contributes to the Sun’s Charge. Int J 
Phys Res Appl. 2026; 9(9): 281-294. Available from: 
https://dx.doi.org/10.29328/journal.ijpra.1001166

Copyright license: © 2026 Kouzalis A, et al. This is an 
open access article distributed under the Creative 
Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited.

Keywords: Photon mass; Cryogenic technologies; 
voulomb’s Law; Williams-type experiment; Johnson–
Nyquist noise; Photon-mass constraints; Torsion-
balance experiments; Fast radio bursts; Cryogenic 
instrumentation; Experimental physics

OPEN ACCESS

Abstract

A photon is the fundamental quantum of electromagnetic fi elds, which should have strictly 
zero mass according to Maxwell’s theory. However, not all theories adopt this assumption. It is 
hard for human intuition to accept the idea that matter in nature can consist solely of energy 
with no mass. Legendary physicists of the past, including de Broglie, Coulomb, and Schrödinger, 
were hesitant to accept the notion that photons lack mass. To this day, many physicists continue 
to attempt to determine the photon’s mass. In Tu and collaborators’ (2005) study, many of 
these efforts are documented, including attempts to set upper limits on the photon’s mass that 
systematically approach zero. The aim of this paper is to provide an overview of the theoretical 
and experimental developments concerning photon mass from the past to the present day. In 
continuation of Tu and collaborators’ (2005) study, we present the latest scientifi c updates on 
the photon mass. Our research indicates that, in contrast to advancements in theoretical and 
extraterrestrial approaches, there has been no experimental progress achieved on the subject 
in recent years. We believe that relying solely on theoretical research is insuffi cient; instead, 
it is crucial to use experimental techniques to empirically determine the photon mass. We 
recommend incorporating the latest technologies into existing experimental approaches, and 
specifi cally, we propose ways to improve the accuracy of the ‘tabletop’ experiment conducted 
by Williams and collaborators (1971), which aimed to detect the photon mass. Our suggestions 
are based on the latest advances in cryogenics and focus on modifying the equipment used 
in the current experiment.

Introduction
Quantum electrodynamics’ ability to predict experiments 

to six or more decimal places has established the massless 
photon as a tacit axiom of physics [1]. This is evident 
because, as late as 1968, the Particle Data Group tables 
listed experimental limits on neutrino masses, whereas the 
photon was simply assigned a mass of zero. This speculation, 
however, has been and continues to be counterintuitive to 
many physicists across the centuries, including some of the 
most legendary. Let us brieϐly examine the experimental 
history related to the photon and its mass. The inverse-square 
force law was derived by Coulomb in 1785, using a torsion 
balance to measure the repulsive force between two charges 

of the same sign. Using this principle, Coulomb was the ϐirst 
known scientist to measure the photon’s mass experimentally 
[2]. Since then, detecting deviations from Coulomb’s law has 
been a fundamental principle in the design of experimental 
methods for detecting photon mass. So far, these methods 
have provided the most accurate limits. One of these methods, 
devised in 1773 by Cavendish, was shown to be more efϐicient 
than Coulomb’s [3]. The method involved setting up two 
concentric spheres connected through a wire. By charging 
the outer sphere and disconnecting the wire, the charge on 
the inner sphere could be measured, signifying a deviation. 
Since that time, experimental physicists have re-examined the 
subject, using Cavendish-type experiments to place even more 
precise limits on the photon’s mass.

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.ijpra.1001166&domain=pdf&date_stamp=2026-09-30
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One of the major achievements of classical physics was the 
development of the Maxwell electromagnetic ϐield equations. 
A key prediction of these equations is that all electromagnetic 
radiation in a vacuum propagates at a constant speed c. One 
simple approach to setting a limit on the photon mass is to 
search for changes in c across the spectrum [1]. There are, 
however, more complicated but more efϐicient methods 
utilizing radiation. Moving on to the 20th century, the 
experimental quest to determine the photon mass began in 
1901 with Planck’s formula for blackbody radiation and the 
introduction of what was later called the quantum of action [2]. 
Planck was the ϐirst to derive the spectral form of blackbody 
radiation. Planck’s original derivation used the relationship 
between the system’s entropy and the blackbody’s internal 
energy [4]. The physical principle underlying the phenomenon 
is the oscillation of the atomic nucleus. When the nucleus 
absorbs kinetic energy, its oscillation—including resonance—
leads to the emission of orbital photons and the ejection 
of orbital electrons. The oscillation of the atomic nucleus 
alters its distance from the electron orbit, triggering the 
emission of negative photons and the generation of blackbody 
radiation [5]. The highest number of atoms deviating at a 
particular amplitude aligns with the peak wavelength of the 
blackbody spectrum, while the maximum deviation amplitude 
corresponds to the shortest wavelength. Blackbody radiation 
can also ϐind applications in modern experimental physics. In 
high-precision optical lattice clocks, the inϐluence of blackbody 
radiation constitutes a primary source of systematic error [6].

By the end of the 20th century, numerous scientists had 
undertaken efforts to determine the photon’s mass. Two 
review articles, one by Goldhaber & Nieto (1971) [1] and 
another by Tu and collaborators (2005) [3], summarized the 
approaches regarding a non-zero photon mass and discussed 
the observational and experimental limits pertaining to that 
mass. In this study, some of the latest updates concerning the 
photon and its mass are reported. Let us examine some recent 
scientiϐic literature on the subject.

The ways electromagnetic radiation interacts with matter 
include the photoelectric effect, the Compton effect, pair 
production, and annihilation. Idrees and collaborators (2025)
[7] showed that strong electromagnetic ϐields can manipulate 
and control the rotary photon drag in both left and right-
circularly polarized beams, thanks to induced chirality. 
Smolyaninov (2024) [8] examined how the presence of a 
gravity gradient, simulated by an electromagnetic medium, 
leads to an effective photon mass in the Newtonian limit. It 
was found that in an optical anti-waveguide surrounding 
an unstable equilibrium position, the effective photon mass 
squared turned negative and seemed to be proportional to the 
local gravity gradient. Guimaraes and collaborators (2013) 
[9] introduced a consistent method to incorporate Dirac 
monopoles into Proca theory in (3+1) dimensions using the 
generalized Julia–Toulouse approach for the condensation of 

topological currents. It was demonstrated that massive photons 
can coexist with Dirac monopoles without inconsistency. 
This model of massive photons arises from the condensation 
of electric charges, and it shows that external magnetic 
monopoles are conϐined within monopole–antimonopole 
pairs. These pairs are connected not by Dirac strings but by 
physical Dirac brane invariants that represent open magnetic 
vortices. Hwang & Noh (2025) [10] explored massive-photon 
electrodynamics and magnetohydrodynamics within the 
curved spacetime of Einstein’s gravity by considering a Proca-
type photon mass and formulating the equations using electric 
and magnetic ϐields along with the vector potential. Applying 
the post-Newtonian approximation, it was demonstrated that 
the dark Proca ϐield acts as dust in the non-relativistic limit 
after the Klein transformation.

To understand the nature of reality, we typically use real 
numbers and consider imaginary numbers to explain some 
mysterious phenomena. In physics, complex numbers have 
been employed to describe real phenomena. Speciϐically, in 
quantum mechanics, complex numbers are crucial for depicting 
the behavior of subatomic particles. According to Goray & 
Annavarapu (2021) [11], the photon creates an illusion with 
its rest mass and conceals its energy simultaneously. Because 
the photon exhibits both wave and particle qualities, as a 
result, it exhibits different forms of mass, including zero rest 
mass, as well as real and imaginary rest masses [11]. Goray 
& Annavarapu (2021) [11] assert that the photon’s rest mass 
and energy are represented as complex numbers in relation to 
matter. Saleh (2023) compared [12] four real-world examples 
from different ϐields of physics and demonstrated that the 
mass-energy principle is violated when the photon’s rest 
mass is zero, thereby proving the necessity of a new theory 
to advance all areas of physics that deal with photons. In his 
recently developed theory, Saleh describes a photon as a 
minute particle with a constant rest mass [13]. According to 
Saleh theory, every mass is in fact the result of an aggregation 
of photons. The theory posits that the photon, being the 
smallest, fastest, and lightest particle in our universe, is also 
the primary building block of electrons, protons, and neutrons. 
From Saleh’s theory, it can be concluded that nuclear energy is 
deϐined based on this very photonic structure. Therefore, the 
famous equation E = mc2 can be rewritten as the sum of the 
energies of the individual photons that constitute the mass.

As mentioned earlier in this section of the study, Cavendish-
type experiments were the most common types of laboratory 
experiments used by physicists to determine the photon 
mass. Some of the most accurate limits on the photon mass 
were obtained from these types of experiments. However, 
there is still room for improvement. In this study, we assert 
that by modifying the experimental apparatus through the 
incorporation of cryogenic technologies, the accuracy of the 
experimental results can be improved.

During the late 20th century, experimental physics 
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experienced a gradual transition from room temperature to 
cryogenic conditions. For example, initially, resonant detectors 
operated at room temperature, but later transitioned to 
cryogenic versions such as Stanford, Explorer, and Nautilus. 
These cryogenic detectors achieved sensitivities capable of 
detecting gravitational waves resulting from the conversion of 
approximately 0.001 solar masses within the Galaxy [14]. This 
marked an energy sensitivity increase of several thousand 
times compared to early room temperature experiments. 
Over decades, this research laid the foundation for more 
advanced, highly sensitive detectors such as long-arm laser 
interferometers, which announced the ϐirst gravitational 
wave detection on February 12, 2016 [14]. Recently, Dutta 
and collaborators (2026) [15] introduced an innovative 
Technology Computer-Aided Design approach to recalibrate 
room-temperature process design kits for cryogenic use, 
relying on a small number of experimental measurements. 
This method adjusts Technology Computer-Aided Design 
models to match both room-temperature and cryogenic data, 
capturing process variations without specialized foundry 
support. As a versatile and scalable technique, it offers a 
practical solution for designing cryogenic circuits across 
different technologies.

Cryogenic system support structures are essential for 
ensuring mechanical stability while also limiting heat transfer 
into cold areas. Achieving a balance between these two needs 
is a key design challenge, especially at very low temperatures, 
where minimizing heat entry is vital for efϐiciency and 
performance. Material selection is crucial in solving this 
problem. Materials are selected for their high strength, 
stable behavior at cryogenic temperatures, and low thermal 
conductivity [16]. These traits provide an excellent strength-
to-thermal-conductivity ratio, ideal for support applications 
in cryogenic systems. Typical strategies include reducing 
cross-sectional areas, extending thermal paths, and adding 
thermal intercepts to cut down heat transfer [16]. Thermal 
intercepts, in particular, have been shown to decrease 
thermal loads by up to 100 times when used effectively. Fluid 
materials such as liquid helium and liquid hydrogen are well 
known for their applications in cryogenics. Typically, they are 
used for cooling solid components. Liquid helium is primarily 
used to cool equipment, while liquid nitrogen is commonly 
used to cool high-temperature superconductors [17]. A study 
[18] introduced a novel surface strengthening technique 
for superalloys using cryogenic pretreatment. The process 
involved cooling the material to -196 °C for 3 to 6 hours. 
Results showed that this method signiϐicantly reduced surface 
roughness, encouraged grain reϐinement, and promoted the 
precipitation of strengthening phases. Additionally, it increased 
surface hardness and residual compressive stress while 
decreasing the high-temperature relaxation of residual stress. 
Consequently, cryogenic pretreatment demonstrates strong 
potential for practical engineering applications. Copper and its 
alloys are widely employed in power transmission, electronic 

communication, and mechanical manufacturing due to their 
excellent electrical and thermal conductivity. Manufacturing 
large quantities of high-strength, high-conductivity pure 
copper is especially crucial for the electronics industry. A 
recent study by Zheng and collaborators (2025) [19] proposed 
a composite thermomechanical processing technique 
combining the Equal Channel Angular Pressing-Conform 
(ECAP-C) process, cryogenic rolling, and recrystallization 
annealing to signiϐicantly increase the material’s strength 
while maintaining its outstanding electrical properties and 
conductivity.

Implications of photon mass

A key consequence of a nonzero photon rest mass is its 
impact on static magnetic ϐields, which notably differs from 
Maxwellian predictions on length scales beyond the photon’s 
Compton wavelength [3]. Photon masses are tested differently 
in the solar wind and via Fast Radio Bursts. Generalized 
Non-Linear Electro-Magnetism theories forecast a constant 
frequency shift resulting from the non-conservation of 
the energy-momentum tensor, which happens when the 
background varies with space-time [20]. Similar to other 
static shifts from massive photon, the Generalized Non-Linear 
Electro-Magnetism shift can be combined with the expansion 
shift, offering ϐlexible options for analyzing astrophysical data 
or laboratory measurements [20].

The photon sphere can be used as a tool to classify different 
types of spacetime. Additionally, the effective potential and 
photon sphere are valuable for analyzing the initial conditions 
of black holes [21]. Gaussian black holes are a signiϐicant type 
of regular black holes, marked by their spherical symmetry 
and static conϐiguration. Changes in a Gaussian black hole’s 
parameters can inϐluence various observable features related 
to gravitational lensing [22]. Moreover, the frequency of 
photons inϐluences the extent of gravitational deϐlection 
caused by plasma. In a uniform plasma medium, photons with 
lower frequency or longer wavelength are deϐlected more 
away from the gravitational center [23].

In gravitational lensing, light passes near the source where 
the gravitational ϐield is very intense, causing substantial 
bending. This creates various possible paths for light to reach 
the observer, which can produce phenomena like shadows, 
photon rings, and relativistic images [24]. Light bending 
has theoretical signiϐicance, particularly in exploring the 
null structure of spacetime. Gravitational lenses can help 
to determine the mass of gravitational objects between an 
observer and their source [25]. The sun would not have been 
able to alter the photon’s course if it had no moving mass, and 
the moving mass of the photon makes it susceptible to the 
gravitational pull [26].

Quantum ϐluids of light are made up of photon ensembles 
that gain an effective mass due to spatial conϐinement or 
diffraction and experience binary interactions from the 
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medium’s optical nonlinearity [27]. Their unique properties 
contrast with those of typical condensed matter systems. 
The phenomenology of soft-photon radiation is deeply 
connected to the issue of infrared divergences in Quantum 
Electrodynamics and the long-range characteristics of 
electromagnetic interactions, which stems from the photon’s 
zero mass mandated by the Abelian gauge symmetry [28]. 
Wong (2010) [29] developed a two-dimensional model 
featuring a gauge group and demonstrated that this model can 
be mapped onto a scalar quantum ϐield theory that includes 
a massive photon. It was further suggested that the non-
equilibrium dynamics within this framework could explain 
the production of anomalous soft photons. Direct photons 
can be produced as either real (massless) photons or virtual 
photons with non-zero mass. Detecting virtual direct photons 
allows for selecting a mass range which greatly improves the 
signal-to-background ratio compared to measurements of 
real direct photons [30].

A photon in a gradient-index ϐibre behaves as a massive 
particle, exhibiting an energy gap in its dispersion relation. 
Its energy spectrum can be modeled using the massive 
Schrödinger equation, which can be converted into the 
Klein-Gordon equation through a straightforward unitary 
transformation that accounts for energy shifts arising from 
condensation for lasing, along with the ϐibre conϐinement 
[31]. A recent study [32] explored how a ϐinite photon mass 
can inϐluence the axion-produced electromagnetic ϐields from 
localized currents, especially focusing on dipole radiation. 
The study examined the interaction between two very small 
parameters (the axion mass and the photon mass), considering 
how this might aid in future detection of cosmic axions or 
photon mass through electromagnetic interactions. The Proca 
theory was extended to include the axion ϐield, and solutions 
to the modiϐied electromagnetic equations were derived to 
ϐirst order in the axion coupling.

Methods to calculate the photon mass

Calculating the photon mass may not have direct 
implications for terrestrial physics; however, a massive photon 
can be a changing factor in astrophysics and cosmology. In the 
universe, strong magnetic ϐields signiϐicantly inϐluence various 
phenomena. In rotating massive stars, these ϐields help drive 
magnetohydrodynamic core-collapse supernova explosions 
and contribute to the formation of magnetized neutron 
stars or black holes [33]. If the photon has a ϐinite rest mass, 
magnetohydrodynamic phenomena in the interplanetary 
plasma—such as hydrodynamic wave interactions with the 
magnetic ϐield—could provide useful ways to estimate that 
mass by examining its effects on the standard Maxwellian 
framework [3]. Moreover, the frequency dispersion of light 
velocity is the clearest evidence of a nonzero photon mass. 
Studying the invariance across the electromagnetic spectrum 
offers the most direct way to detect potential signs of a 
massive photon [3].

The kinetic energy of gamma photons can be calculated 
using conservation of energy and momentum. Experimentally, 
the rest mass energy can be determined through Compton 
scattering, utilizing a Thallium-activated Sodium Iodide 
gamma-ray spectrometer and Cesium as the gamma-ray 
source [34]. In addition to the gamma photon, the dark photon 
can also be massive. Cheng and collaborators (2022) [35] 
report two methods to generate its mass, leading to different 
phenomenological outcomes. One method is the “Higgs 
mechanism,” where mixing between the Higgs doublet and 
the Higgs singlet opens up the possibility of detecting dark 
photons through Higgs decays at particle colliders. The other 
is the “Stueckelberg mechanism,” which involves introducing 
an axionic scalar to confer mass. de Andrade (2023) [36], 
while working in parallel on photons and dark photons, 
augmented the Einstein–Cartan–Holst action, which violates 
parity, with an additional Proca photon–torsion coupling 
term H, thus making the calculation of photon mass feasible. 
It was concluded that the photon interacts very weakly with 
spin-torsion matter within Einstein–Cartan gravity, and the 
interaction strength of Maxwell–Proca–Holst is signiϐicantly 
less than in pure gravity. Additionally, if the photon has a non-
zero rest mass, it would cause a time delay between photons 
of varying frequencies as they travel through a ϐixed distance 
[37]. By examining this time delay, we can estimate or limit the 
photon mass. Also in a Möbius helicoid model of a photon, as 
the number of windings per unit length increases, it signiϐies 
an increase in its mass within the matter realm [38].

Review methodology
This article presents a targeted narrative review following 

an explicit evidence-classiϐication process, rather than a 
comprehensive systematic review or meta-analysis. The 
manuscript provided did not include a searchable screening 
log or a record of its original database searches; therefore, 
no retrospective coverage, screening counts, or independent 
reviewer procedures are claimed. For this revision, targeted 
web-index searches and source veriϐications were conducted 
using Scopus, Web of Science, the arXiv repository, American 
Physical Society journal pages, and IOP publication records. 
The update focused on photon-mass and cryogenic literature 
from 2021 to the present search date, while earlier foundational 
work was retained for historical and methodological context. 
Search queries included “photon mass” in combination with 
“Coulomb null test,” “Williams Faller Hill,” “torsion balance,” 
“fast radio bursts,” “cryogenic,” and “Johnson Nyquist noise”; 
exact article titles and author names were used to resolve 
individual citations. These searches were supplemented by 
references already cited in the manuscript. Relevant recent 
sources were checked against the reported mass, units, 
conϐidence statements, and physical interpretations. Eligibility 
required a direct connection to vacuum photon-mass theory 
or constraints, or a clear engineering link to cryogenic 
null measurements. Primary measurement papers and 
established reviews were prioritized for quantitative bounds. 
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Effective masses, speculative theoretical scales, and other-
particle studies were included only in separately identiϐied 
contextual categories. Irrelevant mass claims, duplicate table 
entries, and unsupported numerical interpretations were 
excluded from the quantitative comparison. Reliability was 
assessed qualitatively based on the measured parameters, the 
theoretical model, calibration and systematic uncertainties 
when available, the conϐidence level, environmental or 
cosmological assumptions, and published criticisms. No 
formal risk-of-bias score or pooled bound was calculated. 
Limitations such as selective retrieval and incomplete full-
text access restrict the review’s completeness; the absence of 
a study does not imply it does not exist.

Values of photon mass found in literature
Theoretical approaches

Maxwell described light as a wave propagating through 
coupled electric and magnetic ϐields. More broadly, he 
predicted electromagnetic radiation: intertwined electric and 
magnetic ϐields traveling as waves at the known speed of light 
[2]. To apply Maxwell’s equations and Compton scattering 
theory, the modiϐication shows that the photon’s rest mass 
is approximately 10-49 g. According to Sanad (2023) [39], 
the photon mass, as a particle, can be determined by its key 
physical properties—energy, wavelength, and velocity. The 
measured photon mass is 2.2 x 10-34 kg or 2.2 x 10-31 g, which 
is consistent across all types of electromagnetic radiation, 
from gamma rays to radio waves. Particle and antiparticle 
masses can differ, leading to the violation of the fundamental 
symmetry of charge, parity, and time. Fundamentally, the 
increase in electron mass is expected to inϐluence the overall 
quantum efϐiciency of emission, the spectra of photoemission 
quantum yield, and the energy and angular distributions 
of emitted electrons [40]. Additionally, the mass difference 
between the electron and positron allows us to set an upper 
limit on the photon mass: m ~ 2.5 x 10-18 eV or 4.46 x 10-51 g
[41]. Typically, the photon is known to display properties 
characterized by wave-particle duality. In an effort to resolve 
this controversy, Antoniou & Kouzalis (2026) [42] combined 
the wave and particle theories of light into a single equation. 
This uniϐication led to the determination of the upper limit 
of photon mass, which was found to be m < 1.24MeV / c2 or 
m < 2.21 x 10-27 g. 

In Table 1, values of photon masses calculated using the 
most recently developed theoretical approaches are reported. 
Table 1 distinguishes between theory-dependent estimates 
and empirical bounds. Throughout, mass conversions use the 
factors 1 eV/c² = 1.78266192 × 10⁻³⁶ kg and 1 g = 10⁻³ kg. 
An energy value expressed in eV is interpreted as a rest-mass 
energy only if explicitly speciϐied by the source. Conϐidence 
levels are retained as reported and are not harmonized across 
studies. None of the theoretical entries in Table 1 have an 
experimentally conϐirmed detection signiϐicance. The original 
manuscript’s conversion for Antoniou and Kouzalis (2026) 

[42] is preserved, although its interpretation is qualiϐied: 
1.24 MeV/c² equates to 2.21 × 10⁻³⁰ kg or 2.21 × 10⁻²⁷ g. 
This value is substantially larger than the benchmark by 
Williams et al. [43], and thus does not provide a competitive 
photon-mass constraint. It reϐlects a theoretical consistency 
argument within the authors’ framework, not an experimental 
measurement. The same applies to other theoretical estimates.

Extra-terrestrial approaches

De Broglie (1940) [44] proposed that observing the 
dispersion of radiation from rapidly ϐluctuating astronomical 
objects—such as eclipsing binary stars, pulsars, supernovae, 
or quasars—could reveal information about the photon 
rest mass. In particular, he indicated that a limit on photon 
mass might be established by analyzing light from a star 
emerging from behind its dark binary companion, and he 
found this limit to be m = 8 x 10-40 g. Schrödinger (1943) [45] 
introduced a method to estimate the photon rest mass and 
established an upper limit of approximately m = 2 x 10-47 g. 
This was achieved by analyzing the Earth’s magnetic ϐield and 
modifying Maxwell’s equations, particularly Ampere’s law. 
Schrodinger described the external ϐield as the component 
that Maxwell’s theory attributes to external sources. Drawing 
from his uniϐied ϐield theory, Schrodinger suggested that a 
ϐinite photon rest mass could account for the presence of both 
the ‘external ϐield’ and the ‘non-potential ϐield‘. By analyzing 
satellite data at various altitudes, it is possible to estimate the 
photon rest mass through observing the exponential decay 
of the geomagnetic ϐield. The initial limit derived using this 
approach was established by Gintsburg (1963) [46], setting 
m < 3 x 10-48 g. Gravitational lensing happens when light rays 
are bent as photons pass near a massive, compact object, 
causing a visible deϐlection commonly called a gravitational 
lens [47]. Lowenthal (1973) [48] introduced a method to 
establish bounds on the photon mass by examining how 
electromagnetic radiation is deϐlected by gravity. It was 
determined that for visible light, the photon mass m < 1 x 10-

33 g.

In this paragraph, the most recently developed 
extraterrestrial methods are described. Fast radio bursts —

Table 1. Values of photon masses calculated using the most recently developed 
theoretical approaches.
Literature SourceLiterature Source Type of method usedType of method used InterpretationInterpretation Photon massPhoton mass

Al Ata Ahmed Salih 
et al (2021)

Integration of Maxwell's 
and Compton's theories 

and equations

Not treated as 
a calibrated 

experimental upper 
bound.  

∼10-49 g

Sanad (2023)

Derivation from 
photon’s key physical 

properties (energy, 
wavelength, and 

velocity)

Proposed value, not 
an experimental 

limit or detection.
2.2 x 10-31 g

Jafari & 
Shukirgaliyev 

(2024)

Mass difference 
between the electron 

and the positron

Modiϐied-relativity 
theoretical model 

context
m ∼ 4.46 x 10-51 g

Antoniou & 
Kouzalis (2026)

Integration of the 
principles of wave and 

particle theories of light.

Model dependent 
theoretical upper 

value
m ∼ 2.21 x 10-27 g
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transient radio bursts characterized by millisecond duration 
and cosmological propagation—are excellent astrophysical 
laboratories to constrain the photon mass. A recent study 
[37] used a catalog of 129 Fast Radio Bursts within a Bayesian 
framework to constrain the photon mass. This led to a new 
upper limit of m ≤ 3.1 x 10-51 Kg at 68% conϐidence, and 
m ≤ 3.9 x 10-51 Kg or 3.9 x 10-48 g at 95% conϐidence. This 
is the most stringent limit based solely on the kinematic 
analysis of light propagation. The bound on the photon mass 
is expected to become even tighter soon, thanks to an increase 
in the number of observed fast radio bursts, more precise 
redshift measurements, and a better understanding of the 
sources of dispersion measures. In the standard Lambda 
Cold Dark Matter model (a model of the Big Bang theory), if 
the Kaup mass is equated with the total mass of the universe, 
a corresponding particle mass is derived m = 3.71 x 10-66 g 
[49]. Some authors [50] view the above mass as the upper 
limit (maximum possible) mass of the photon. The detection 
of ultra-high-energy photons reaching Earth by terrestrial 
observatories calls for a better understanding of the physics 
involved. These events could indicate physics beyond the 
standard model of particle physics. Ismail and collaborators 
(2025) [51] introduced a novel idea involving photon-dark 
photon conversion via extra dimensions to explain these 
phenomena. If dark photons exist in higher-dimensional 
space, the probability of photon-dark photon conversion could 
be resonantly enhanced, allowing a gamma-ray burst to be 
observed on Earth. Since electron density is higher within the 
Milky Way disk, the effective photon mass m2 is approximately 
4.1 x 10-12 eV or m ~ 3.56 x 10-39 g.

Table 2 reports both historical and recent estimates of 
the photon mass derived via extraterrestrial methodologies. 
Historical bounds derived from stellar dispersion, 
geomagnetic ϐields, and gravitational deϐlection examine 
different observables and rely on varying assumptions. 
These are summarized in Table 2 as a historical overview 
rather than as equally robust present-day constraints. The 
2021 Fast Radio Burst limit is not presented here as the most 
stringent universal propagation constraint, given that sample 
selection and inference assumptions differ between analyses. 
Recent localized samples and alternative reconstructions help 
address some uncertainties.

Terrestrial (laboratory) experiments

Laboratory methods for detecting deviations from 
Coulomb’s inverse square law have established the most 
accurate limits on the photon mass. The main beneϐit of 
these approaches is that each parameter can be tested and 
adjusted independently, unlike astronomical methods, which 
often rely on multiple factors that depend on assumptions 
and interpretations hard to verify [3]. The Coulomb null 
experiment aims to detect sub-nanovolt signals that would 
escape a closed shell if the photon had a positive mass. This 
method enables researchers to establish strict upper limits 
on the photon mass. Coulomb experiment’s estimate on the 
photon mass is approximately 10-44 g [2]. In 1971, Franken 
and Ampulski [52] suggested a experiment using very low-
frequency parallel resonance circuits to establish an upper 
limit on the photon rest mass [3]. Measurements taken from 
a circuit operating at approximately 1 rad s−1 yielded a result 
of m < 10-49 g. In the same year, Williams and collaborators 
(1971) [43] conducted a high-frequency test of Coulomb’s law 
by conducting a Cavendish-type experiment. The experiment’s 
sensitivity was expressed in terms of a ϐinite photon rest mass, 
utilizing the Proca equations. The result of the measurement, 
expressed in the form of the photon rest mass, was m < 1.6 x 
10-47 g. This ϐinding broadens the applicability of Coulomb’s 
law by two orders of magnitude. At the closing edge of the 
20th century, Lakes (1998) [53] described an experimental 
method using a modiϐied Cavendish balance to measure the 
product of photon mass squared and the ambient cosmic 
magnetic vector potential. The core concept was to produce a 
magnetic-dipole vector-potential moment using a suspended 
toroidal coil. The experiment conducted indicates the values 
of Aμ2 < 2 x 10-9 Tm/m3. By assuming an ambient magnetic 
vector potential A = 1012 Tm, Professor Lakes found the 
characteristic length to be μ-1 > 2 x 1010 m. Based on these 
data, he calculated the upper limit of the photon mass to be 
2 x 10-50 g. In Table 3, values of the photon mass determined 
via experiment are reported. In contrast to advancements in 
theoretical and extraterrestrial approaches, there was limited 
experimental progress achieved during the 21st century. 
Antoniou & Kouzallis (2026) [42] emphasize the necessity 
for additional laboratory experiments to determine the 
photon mass. Speciϐically, they suggest utilizing Max Planck’s 

Table 2: Historical and most recent values of the photon mass derived via extraterrestrial methodologies. 
Literature Source Type of method used Interpretation Photon mass

De Broglie (1940) Dispersion of starlight Historical value as summarized in the manuscript; no 
modern statistical conϐidence level speciϐied. m < 8 x 10-40 g

Schrödinger (1943) Earth’s magnetic ϐield Historical model-dependent bound; ϐield/source 
assumptions. m < 2 x 10-47 g

Gintsburg (1963) Altitude-dependence of massive photon geomagnetic 
ϐields

Historical value; depends on geomagnetic modeling; 
conϐidence not speciϐied here. m < 3 x 10-48 g

Lowenthal (1973) Gravitational deϐlection of massive photons Weak historical bound; gravitational propagation 
interpretation. m < 1 x 10-33 g

Wang et al. (2021) Fast radio bursts 68% and 95%, respectively; dispersion decomposition, 
redshift and cosmological assumptions. m  ≤ 3.9 x 10-48 g

Chavanis (2024) Lambda Cold Dark Matter model Cosmological model mass scale m  ≤ 3.71 x 10-66 g

Ismail et al. (2025) Photon-dark photon conversion via extra dimensions Novel model incorporating gamma-ray bursts and electron 
density m  ≤ 3.56 x 10-39 g
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blackbody radiation Law to draw experimental results.

Williams et al. (1971) [43] establish the benchmark for 
electrostatic design. While a laboratory setting provides 
experimental control, it does not necessarily guarantee a 
numerically stronger bound than all astrophysical methods. 
Reproducing and substantially improving a controlled, 
Williams-type electrostatic bound remains technically 
challenging. Factors such as quadratic mass sensitivity, 
excitation leakage, capacitive imbalance, surface potentials, 
dielectric losses, and geometry-dependent calibration can 
all limit the effectiveness of electrostatic null tests. Torsion 
measurements also face additional uncertainties related 
to magnetic ϐields and vector potentials. The numerical 
improvements gained with one observable cannot be directly 
applied to other experimental regimes.

Exotic particles

Since the advent of particle accelerators, particle 
physics has advanced signiϐicantly. In this subsection of the 
study, we report the most recent mass values determined 
for exotic particles. These values can be used as a basis 
for comparison with the mass of a photon. New physics 
phenomena, necessary to explain neutrino oscillations, dark 
matter, baryon asymmetry, inϐlation, and other phenomena, 
might occur at very low energy scales. These would involve 
only very weak interactions with known Standard Model 
particles. Phenomena including anomalies in the muon 
measurements and rare decays of kaons and B mesons that 
need further veriϐication, are only detectable with light dark 
photons weighing less than 10 GeV [54]. A recent study [36] 
investigating the dynamo mechanism and dissipation caused 
by the magnetic ϐield’s handedness relative to the torsion 
trace vector asserted that the dark photon mass can reach 
up to 1.5 GeV or m < 2.67 x 10-24 g. In addition, photons and 
gravitons are the only known free particles that can have 
exactly zero rest mass. The key scientiϐic question in gravity 
related to photon mass concerns whether gravitons possess 
mass. Very Special Linear Gravity is an alternative approach 
to linearized gravity that includes massive gravitons while 
maintaining only two physical degrees of freedom. Through 
this approach, Bonilla and collaborators (2025) [55] have 
estimated the upper limit of the graviton mass to be 10 x 10-19

eV/c2 or 1.78 x 10-51 g. In search of other possible exotic 
particles. Gorbunov & Kalashnikov (2024) [56] investigated 
models involving hypothetical light vectors (hidden photons) 
and axion-like particles, both capable of directly interacting 
with photons. These particles can travel long distances before 
decaying into detectable particles. Axion-like particles span a 

wide range of masses and couplings, making them promising 
targets for both astronomical and laboratory searches. The 
kinematic analysis of the study indicates that the Nuclotron-
based Ion Collider facility can explore new parameter space 
regions for models involving hidden vectors and axion-like 
particles with masses around 30-500 MeV or m < 8.91 x 
10(-25) g (upper limit). Furthermore, when the axion mass 
drops below the μeV scale, the primary investigations come 
from high-energy astrophysics: axions produced in stars or 
supernovae can convert into X- and γ-rays within galactic 
magnetic ϐields. Bondarenko and collaborators (2023) [57], 
proposed a conversion method applicable to any small axion 
mass, utilizing the energy-dependent negative contribution of 
the radiation ϐield to the effective photon mass, known as the 
‘double lens effect. This technique decouples the axion mass 
from the resonant electron density and places the resonance 
radius near reported constraints on the photon-to-axion-like 
particle coupling.The 95% conϐidence level limit applies for 
axion-like particle masses approximately between 5. 0 x 10-10

eV < m < 1.0 x 10-7 eV or  m < 8.9 x 10-43 g or (upper limit). 
Markarian 421 is a well-known nearby BL Lac blazar. It sets 
a 99% conϐidence level upper limit on the axion mass, in the 
range of 1.0 x 10-9 eV ≲ 𝑚𝑎 ≲ 1. 0 x 10-8 eV or m < 1.78 x 10-42 g
(upper limit) [58]. In Table 4, the most recently determined 
values of mass of  selected exotic particles are reportedthe 
neutron star surface, greatly enhancing conversion probability. 
Li and collaborators (2024a) [59]. 

Recommended future improvements
Cavendish-type laboratory experiments

According to Tu and collaborators (2005) [3], the 
Cavendish type experi ment conducted by Williams and 
collaborators (1971)[43] sets the best laboratory limit 
m < 1.6 x 10-47 g on the photon rest mass. However, because 
of the sensitivity of such experiments, a hundredfold 
improvement in the signal-to-noise ratio is necessary to 
enhance the photon mass limit by a factor of 10. Achieving this 
will be challenging, but signiϐicant progress might be possible 
with advancements in experimental techniques. There are 
three main ways to enhance the experiment [3]: using a larger 
apparatus, increasing the applied alternating voltage, and 
detecting even smaller potential differences. Improving the 
Cavendish method’s accuracy mainly depends on reducing th e  
noise voltage [60,61], allowing detection of smaller potential 
differences. The most promising strategy involves cryogenic 
techniques to lower the apparatus temperature to a few 
millikelvin. Figure 1 illustrates the experimental apparatus 
employed b y Williams and collaborators in their experiment. 

Table 3: Values of the photon mass determined experimentally.
Literature Source Type of method used Interpretation Photon mass

Al Ata Ahmed Salih et al (2021) Coulomb’s experiment Reported in the supplied manuscript m  ∼ 10-44 g
Franken & Ampulski (1971) Parallel resonance circuits method Low-frequency circuit interpretation m  < 10-49 g

Williams et al. (1971) Cavendish type experiment Controlled electrostatic null test m < 1.6 x 10-47 g
Lakes (1998) Torsion balance methods Not an independent environment-free mass limit m < 2 x 10-55 g
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In the following subsections of the paper, the most recent 
advancements in cryogenic techniques are reported that 
can aid in modifying the experimental apparatus depicted in 
Figure 1.

Modifi cations on material used in cryogenic 
applications

Cryogenic quenching is essential for cryogenic systems 
before they start operation. Despite its signiϐicance, there is 
considerable potential to improve the efϐiciency of cryogenic 
quenching across different applications. One research 
study [62], explored how heat transfer is enhanced during 
cooling on aluminum surfaces through nanoscale boehmite 
structures. Findings indicated that, in pipeline quenching, the 
required time is shortened to 60% to 85% of that for plain 
aluminum alloys, depending on Reynolds numbers, with 
notable improvements in cooling efϐiciency at low Reynolds 
numbers.

Device leakage and wire resistance can be greatly 
decreased by cooling the circuitry of an apparatus to cryogenic 
temperatures, which would further enhance performance 
and energy efϐiciency [63]. In a recent study [64], a cryogenic 
environment was innovatively integrated into a continuous 
multi-pass drawing process that involved over one hundred 
passes. This introduced a shift in the main deformation 
mechanism of the wire material from slip-dominated to 
slip-twinning coordinated deformation. Consequently, 
nanotwinned structures were successfully embedded into 
ultraϐine wires, overcoming previous performance limitations. 
Nanotwins and dislocations work together to strengthen 
the material during cryogenic drawing and offers a scalable, 

ongoing method for manufacturing high-performance 
conductive materials within strict size constraints [64].

In ultra-low temperature superconducting electronics, 
leak-tight cells and capillary condensation lines are essential 
for experiments involving electrons and ions on cryogenic 
substrates, and the electron source typically used is a tungsten 
ϐilament. Uvin and collaborators (2026) [65] suggested a 
twofold application of a helical tungsten ϐilament. Using the 
helix tungsten ϐilament both as a vacuum monitor and electron 
source can enhance experimental efϐiciency by ensuring 
vacuum quality and surface purity on cryogenic substrates.

Fundamental components of electronic circuits 
(amplifi ers, inductors, comparators, calibrators)

Modern electronic circuits can achieve high-performance 
and accurate measurements by reducing noise. One study [66] 
presented a cryogenic low-noise ampliϐier that utilizes a 150 
nm gallium arsenide pseudomorphic high electron mobility 
transistor process and features a three-stage cascaded design. 
The initial stage focuses on precise impedance matching to 
enhance noise performance and return loss. Operating at 3.6 
K with a power consumption of 15 mW, it delivers strong 
performance, achieving a minimum noise temperature of 4 K 
and an average gain of 40 dB. Furthermore, Liang (2024) [67] 
proposes a transimpedance ampliϐier design for a cryogenic 
scanning tunneling microscope. Utilizing the proposed 
component, the microscope will be able to measure scanning 
tunneling shot noise spectra at the atomic level for different 
quantum systems, even when shot noise levels are very low.

Among passive components, inductors are essential 
for designing low-noise ampliϐiers, such as those used in 
qubit read-out circuits. Characterizing the radio frequency 
performance of both passive and active components is a crucial 
ϐirst step in developing radio frequency circuits optimized 
for cryogenic complementary metal-oxide-semiconductor 
applications. One study [68] examined the radio frequency 
performance of inductors at cryogenic temperatures and 
found that the quality factor of the inductor doubled at low 
temperatures due to decreased metal resistivity, which aligns 
qualitatively with direct current measurement.

Dynamic comparators, also known as regenerative 
comparators, form the essential core block in analog-to-
digital converters and determine their overall performance. 
For applications such as particle experiments, analog-to-
digital converters need to operate at high speed, with low 

Table 4: Values of photon masses calculated using the most recently developed theoretical approaches.
Literature source Type of particle Type of method used Interpretation Photon mass
de Andrade (2023) Dark photon Magnetic ϐield's handedness Model-dependent ϐield construction m < 2.67 x 10-24 g

Gorbunov & Kalashnikov 
(2024)

Hidden photos and 
axion-like particles 

Kinematic analysis estimates of NICA 
sensitivity to Standard Model extensions Projected search sensitivity in mass–coupling space m < 8.91 x 10-25 g

Li et al. (2024a) Axion-like particles Photon to axion-like particle coupling Source-dependent coupling exclusions across mass ranges m < 8.9 x 10-43 g
Li et al. (2024b) Axion  BL Lac blazar Source-dependent coupling exclusions across mass ranges m < 8.78 x 10-42 g

Bonilla et al. (2025) Graviton Very Special Linear Gravity model Constraint within VSL-Gravity; gravitational-sector result m < 1.78 x 10-51 g

Figure 1: The experimental apparatus employed by Williams and 
collaborators.
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power consumption, and across a wide temperature range. 
Pai and collaborators (2024a) [69] introduced a high-speed, 
low-power cryogenic comparator designed for analog-to-
digital converters. The pre-ampliϐier employs a dynamic 
bias technique to reduce power usage. To boost the output 
voltage difference of the pre-ampliϐier, a latch is integrated. 
This latch maintains a cross-coupled inverter to ensure strong 
positive feedback. Its tail current source is replaced by the 
input pair to minimize through current, while an auxiliary 
input pair improves gain and positive feedback, accelerating 
the latch. Furthermore, quantum processors function within 
a cryogenic environment. Cryogenic complementary metal-
oxide-semiconductor circuits are gaining signiϐicant interest 
as essential components for developing practical quantum 
computers. One such circuit incorporates a common-mode 
variation suppression switching scheme and a gain-boosting 
dynamic comparator [70]. This design enhances accuracy 
and allows the comparator to operate at peak performance. 
The proposed comparator uses a gain-boosting dynamic 
capacitive pre-ampliϐier to improve ampliϐication and speed 
up the comparison process.

Calibrating cryogenic calorimeters, particularly those 
sensitive to energies of just a few tens of eV, has historically 
been challenging. LANTERN—a system using optical 
calibration—can precisely examine the region of interest 
of cryogenic detectors by employing LED pulses to produce 
photon signals for detector calibration [71]. LANTERN 
leverages the statistical data generated by multiple photons 
absorbed simultaneously in a single calorimeter to analyze 
the detector’s response characteristics. 

Crystal fi lter

The development of advanced optical devices has been 
fueled by the demand for high-performance sensors, reϐlectors, 
and ϐilters used in various technological ϐields, including 
precision sensing. Cryogenic environments are deϐined by 
their extremely low temperatures, typically below −153 ℃ 
(120 K). These conditions pose challenges for piezoelectric 
materials, as most tend to lose much of their piezoelectricity 
at low temperatures. However, recent ϐindings show that 
certain types, like relaxor-PT single crystals, can still retain 
relatively high piezoelectric properties in cryogenic settings. 
Naderi and collaborators (2025) [72] examined how 
cryogenic temperatures affect piezoelectric materials and 
explored various methods—such as doping, altering material 
composition, and engineering defects—to adapt these 
materials for effective performance at low temperatures. 
Furthermore, Bhardwaj and collaborators (2026) [73] 
explored the design and optical characteristics of one-
dimensional ceramic photonic crystal heterostructures that 
incorporate superconducting thin ϐilm defects for cryogenic 
applications. By embedding yttrium barium copper oxide 
within a photonic crystal structure made of bismuth germanate 
and silicon dioxide, the study showed temperature-dependent 

tunable optical responses. These structures serve as highly 
sensitive cryogenic temperature sensors and also function as 
broadband reϐlectors, polarization ϐilters, and multi-channel 
optical ϐilters. Overall, these results underscore the potential 
of superconducting photonic crystals for advancing cryogenic 
optical technologies.

Fibre optics

Precise measurement of cryogenic temperature is 
essential for many scientiϐic and technological ϐields. Fiber-
optic sensing technologies are widely used in cryogenic 
environments for this purpose. A ϐiber optic Sagnac 
interferometer-based sensor was developed and tested 
experimentally [74]. Results showed that this sensor has an 
average sensitivity of 1.8 nm/K across a broad temperature 
range of 170–320 K. Its high sensitivity, minimal hysteresis, 
and straightforward fabrication make this sensor an excellent 
choice for cryogenic temperature detection. Concerning light 
detection and handling, single photons are fundamental 
building blocks in photonic sensing, and communication. 
There is a need to develop practical methods for tuning, 
guiding, and coupling single photons within photonic circuits 
for real-world applications. The efϐiciency of coupling single 
photons into optical ϐibers remains a technical challenge in 
quantum optics and requires innovative design and materials. 
Riyazi and collaborators (2025) [75] proposed a ϐiber-based 
micro-photonic design for direct coupling of emitted single 
photons into the core of a single mode ϐiber. Results showed 
that optimizing the thickness of a tantalum layer, a novel 
plasmonic material, maximizes coupling efϐiciency in the ϐiber 
optic communication band (λ ∼ 1550 nm). This approach 
offers a promising strategy for single photon manipulation 
across various quantum optics applications.

Photon tube

A calcium ϐluoride crystal, characterized by its broad 12 eV 
band gap, is considered a promising material for developing 
a solid-state nuclear clock. However, the process of isomer 
production involves excitation light that can cause permanent 
damage to the crystal, reducing its ability to transmit signal 
photons [76]. To mitigate this damage, cooling the crystals to 
cryogenic temperatures has been proposed which may also 
enhance the future precision of solid-state clocks. Guan et al. 
(2025) [76] introduced a cooling method that employs a copper 
shield surrounding the crystal, functioning as a cold trap. This 
setup prevents ice-layer formation at cryogenic temperatures, 
thereby maintaining high efϐiciency in detecting vacuum 
ultraviolet photons. Furthermore, detecting scintillation light 
in liquid argon time projection chambers is challenging due to 
its short wavelength in the vacuum ultraviolet range and the 
cryogenic temperatures of 86 K at which the sensors operate 
[77]. Wavelength shifters are commonly used to leverage 
the high photon detection efϐiciency of photodetectors in the 
visible spectrum. Silicon photomultipliers (such as i.e the 
Hamamatsu VUV4) directly detect vacuum ultraviolet light 
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without wavelength shifters , offering the main advantage of 
higher photon detection efϐiciency at these short wavelengths, 
along with improved detection of the visible light produced 
by wavelength shifters [77]. In addition, a diffraction-limited 
synchrotron light source with a 6 GeV electron beam and 200 
mA current is being designed and constructed by the Institute 
of High Energy Physics at the Chinese Academy of Sciences 
since June 2019 [78]. The device features a 166.6 MHz cavity 
cryomodule. The cryomodule’s thermal performance has 
been evaluated via Finite Element Method simulations, while 
experimental tests—including cooldown procedures, radio 
frequency power operation, and heat load measurements—
have been conducted within a liquid helium cryogenic system 
[78].

Proposed cryogenic confi guration

The proposed setup adheres to the principle of a Williams-
type electrostatic null test: an alternating voltage energizes 
the outer electrode system, and a differential measurement 
detects any residual signal within the nested conducting 
shells. Williams et al. (1971) [43] employed a high-frequency 
Coulomb-law test, interpreted through the Proca equations. 
Tu et al. (2005) [3] describe a conϐiguration involving ϐive 
concentric icosahedral shells, with a 4 MHz excitation at 
approximately 10 kV peak-to-peak and a resonant drive using 
a water-cooled high-Q coil. These historical features serve as a 
benchmark rather than a comprehensive speciϐication for the 
proposed apparatus.

Figure 2 presents a new functional layout for the cryogenic 
setup. The nested electrodes and carefully selected low-
noise input components are housed within an evacuated, 
electromagnetically shielded cryostat. To minimize heat 
dissipation, the source, resonant drive, and acquisition system 
are kept outside the cold region. An isolated optical output 
reduces conductive interference across the measurement 
boundary; however, its transmitter and receiver noise, power 
dissipation, and residual coupling still need to be characterized. 

The rectangles shown represent nested conductors, not their 
physical shapes. For simplicity, electrical return conductors, 
guard potentials, and detailed internal-shell connections are 
not shown here and must be deϐined during circuit design.

Temperature sensors, thermal intercepts, and 
mechanically isolated supports are included to help monitor 
and regulate the cryogenic environment. A remote cooling 
stage helps reduce direct vibration transmission, though 
it doesn’t completely eliminate it. A calibrated capacitive 
injection path allows measurement of the transfer function 
and phase response at each operating temperature. It’s 
important to verify its isolation, parasitic coupling, and 
thermal load. To suppress excitation leakage, separate drive 
and pickup feedthroughs, guarded cabling, and careful control 
of grounding and shielding are required. The cold front end 
should only be used if its input-referred noise and dissipation 
are better than those of a warm or intermediate-temperature 
alternative. Initially, the geometry, voltage amplitude, and 
effective detection bandwidth should be kept constant 
to understand how temperature affects them. The cold 
dimensions, dielectric properties, and calibration capacitance 
must be measured directly, rather than assumed to stay the 
same.

A tenfold increase in the mass limit would require roughly 
a hundredfold reduction in the relevant voltage threshold, 
assuming all other parameters remain constant. Acceptance 
depends on a calibrated input-referred uncertainty budget. 
Likewise, the product of measured displacement-to-voltage 
coupling and vibration amplitude must stay below its 
designated noise contribution. These relationships establish 
testable shielding and vibration requirements; numerical 
attenuation and displacement speciϐications cannot be 
ϐixed until the coupling coefϐicients are determined. Prior to 
claiming an improved bound, temperature sweeps, calibrated 
signal injection, phase controls, repeated thermal cycles, and 
independent replication should be conducted. An apparatus 
comparison is provided in Table 5. Historical speciϐications are 
distinguished from proposed design choices and conditional 
calculations. Thermal noise is not equivalent to the achieved 
null-signal threshold. The references Williams et al. (1971) 
and Tu et al. (2005) [3,43] remain the primary sources for the 
historical benchmark.

Limitations and future research

This review combines theoretical debates, laboratory 
tests, astrophysical observations and advances in cryogenic 
instrumentation. Its main drawback is that the various sources 
offer different types of evidence, and as a result the proposed 
cryogenic alteration of the Williams-type experiment has not 
been subjected to experimental veriϐication. The review thus 
suggests a possible way of improving controlled electrostatic 
measurements; it does not prove that the rest mass of the 
photon is nonzero or show a stronger experimental upper 
bound.

Figure 2: Proposed functional schematic of a cryogenic Williams-type 
electrostatic null experiment. The cryostat encloses the cold electrodes 
and candidate front end; the excitation source and synchronous readout 
remain warm. The calibration input, optical link, thermal controls and 
vibration monitoring are proposed additions.
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The study in question is a focused narrative review and 
not an exhaustive systematic review or a meta-analysis. Even 
though the methodology section includes details about the 
search terms and the method used for classifying the evidence, 
it still falls short in terms of completeness and reproducibility 
because no dated search record is provided, which would have 
contained the precise database queries, the search periods, 
the eligibility decisions and the references that were retained. 
It is only appropriate to report on the extent of database 
coverage and the screening procedures where there are actual 
records of the searches carried out. The choice of studies may 
therefore be inϐluenced by retrieval and publication biases, by 
unequal access to the full texts, and by a preference for certain 
theoretical or technological approaches. 

The qualitative evaluation of reliability does not in any 
way take the place of a systematic examination of calibration, 
uncertainty budgets, statistical methods, independent 
replication, and published criticisms. Measurements from the 
past and those carried out recently have different purposes 
and must therefore be assessed in an appropriate manner. 
What is new about this review is that it addresses possible 
links between cryogenic engineering and a controlled 
electrostatic null test, not that it gives a complete ranking of 
all the existing photon-mass constraints. In future updates 
it is necessary to keep an auditable record of the search and 
screening process, apply clear quality-assessment criteria, 
and include later Coulomb null tests, torsion-balance 
measurements and propagation studies before drawing any 
conclusions regarding the current strongest limits.

The rest mass of the ordinary photon in a vacuum is the 
quantity in question. Experimental upper limits on this rest 
mass should be differentiated from theoretical predictions, 
ϐitted parameters, cosmological mass scales and effective 
masses that are associated with propagation in a plasma, 
in optical media or in conϐined geometries. A medium-
dependent dispersion relation may give rise to an effective 
mass without thereby setting the vacuum rest mass equal to 
a nonzero value. In a similar way, the masses of dark photons, 
axion-like particles and hypothetical gravitons refer to 

different particles. The limits on their couplings, the projected 
sensitivities of searches and the mass intervals that have been 
investigated cannot be regarded as direct upper bounds on 
the mass of the ordinary photon.

The limits that can be placed on fast radio bursts rely on 
distinguishing a possible contribution to the propagation 
delay due to a photon having mass from the dispersion caused 
by free electrons. To the leading order, both of these effects 
vary inversely with the square of the observing frequency, 
which means that their separation cannot be achieved solely 
on the basis of frequency dependence. The bound that is 
derived depends on the redshift of the burst, the model of 
cosmological expansion, the density and ionization history 
of electrons in the intergalactic medium, and the dispersion 
contributions from the Milky Way, its halo, the host galaxy 
and the immediate surroundings of the source. Additionally, 
intrinsic emission delays, line-of-sight variations and 
population-selection effects can lead to further uncertainty.

The assumptions involved in magnetic-ϐield constraints 
include those concerning ϐield geometry, the source currents, 
the spatial extent and the appropriate electrodynamic 
model. Speciϐically, Lakes-type torsion measurements place 
a constraint on the combination of the squared photon-mass 
parameter and the ambient magnetic vector potential. In 
order to obtain a bound based only on mass, an estimate of the 
environmental vector potential had to be made, this estimate 
being used with a rotating torsion balance to improve the 
measurement of that combination. These results still remain 
physically distinct from a controlled electrostatic null test and 
from cosmological propagation constraints.

As for cryogenic modiϐications, cooling does not 
automatically eliminate the main systematic errors. Effects 
such as excitation leakage, capacitive imbalance, patch and 
contact potentials, dielectric charging, insulation leakage 
and imperfect grounding are capable of mimicking or 
masking a null signal. Thermal contraction can change the 
distance between the electrodes and their concentricity, 
thereby affecting both the signal response and the parasitic 

Table 5: Apparatus comparison
Feature Williams  et al. (1971) apparatus Proposed cryogenic modi ication

Measurement principle High-frequency Coulomb null test interpreted using Proca theory. Same null observable; temperature-dependent response must be calibrated.

Electrode system Five nested conducting icosahedral shells, as summarized by Tu 
et al. (2005).

Nested conducting shells in a vacuum cryostat; geometry and cold dimensions to 
be speciϐied.

Excitation Approximately 10 kV peak-to-peak at 4 MHz; resonant high-Q 
drive.

Warm resonant drive through guarded feedthroughs; retain benchmark settings 
initially, subject to heat and breakdown tests.

Readout Phase-sensitive detection with ampliϐication and optical signal 
transfer in the historical arrangement.

Candidate cold input stage and isolated optical transfer to warm synchronous 
acquisition.

Calibration Calibration signal and capacitive coupling shown in the 
manuscript’s historical diagram.

Calibrated injection at each temperature; verify transfer function, phase and 
capacitance.

Shielding and leakage Nested shells support the electrostatic null measurement. Cryostat shield, guarded paths and separated feedthroughs; measure residual 
excitation coupling.

Mechanical and thermal 
control

Historical conϐiguration is the baseline; no vibration speciϐication 
inferred.

Thermal intercepts, isolated supports, remote cooling and temperature / 
vibration monitoring.

Dominant uncertainties Calibration and systematic effects accompany the measured null 
result.

Leakage, capacitive imbalance, patch potentials, ampliϐier noise, contraction, 
dielectric losses and microphonics require a full budget.
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capacitances. Vibration from the cryocooler and movement of 
the cables can cause microphonic signals, while temperature 
gradients, contamination and condensation can alter the 
surface properties. Superconducting materials might lead to 
the presence of trapped ϐlux and to modiϐied electromagnetic 
boundary conditions which in turn have to be separately 
characterized.

Conclusion
The natural world is composed of matter. Viewing nature 

through a materialistic lens suggests that all material objects, 
from a neutron star to a small particle, must have mass to 
justify their existence. From this perspective, all material 
particles, including photons, have an inherent mass. If photons 
had no mass, what would their energy rely on for existence? 
Discovering a nonzero photon rest mass would not affect 
physics experiments conducted in terrestrial laboratories. 
However, in domains where many doubts remain unresolved 
(such as in cosmology), determining a nonzero value for the 
photon’s mass would be of great importance. Since Coulomb, 
a great number of experimental and theoretical methods t o 
calculate the photon mass have been devised, varying in 
approach and complexity. This paper aims to provide an 
overview of the theoretical and experimental developments 
concerning photon mass from the past to the present day. In 
continuation of Tu and collaborators’ (2005) [3] study, we 
have reported some of the latest scientiϐic updates on the 
implications of a photon’s mass, methods to determine it, and 
its corresponding values. Moreover, we have proposed ways 
of increasing the accuracy of Cavendish type experiments for 
the detection of photon mass in laboratory settings, based on 
the latest advancements in the ϐield of cryogenics.
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