
ELECTROSTATIC TIME DILATION.

HOWARD A. LANDMAN

Abstract. A recent class of unified theories predicts time-dilation-like effects as-
sociated with potential energy changes in any potential (gravitational, EM, weak,
strong). The gravitational time dilation is of course well-known and widely-accepted,
but the others are not. The easiest of these claims to test is for unstable charged
particles in an electrostatic potential. We propose to test this by measuring µ+ and
µ− decay times in potentials of ±700 kV using a Van De Graaff generator, along
the general lines first proposed by David Apsel in 1979.The theories predict time
dilation factors of about 1.0066 and 0.9934 under these conditions, which should
be relatively easy to detect.
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1. Beam and area requirements

Almost any low-energy low-intensity muon beam could work for this experiment.
What follows assumes the piE1 beamline and my current prototype detector (75 mm
diameter x 57 mm thick BC-412 plastic).

The goal is to deposit muons near the center of the plastic, where they would then
decay at rest. The beam would have to pass through 2 m of air and then 1.5 mm of
stainless steel (unless we cut a hole) before reaching the BC-412. TRIM simulation
shows the ideal energy to be about 26.5 MeV, but the extreme limits are around 12
MeV to 34 MeV. So:

Beam line and area: PiE1, probably mode B, with electrostatic separator to reduce
electron/positron contamination

Particle type: Antimuon (phases 0 and 1), muon (phase 2)
Beam energy: Nominally about 26.5 MeV, with a wide acceptable range
Chromaticity: Only slightly important. ±5 MeV should be acceptable if well-

centered, and the 0.26% resolution of Mode B implies ±0.07 MeV
Polarization: Mostly irrelevant. The thickness of the detector, and the fact that it

only needs to observe deposited muons and decay electrons, makes it effectively a 4π
detector if muons are deposited near the center.

Intensity: Low. Ideally, tunable from 100 to 10000 muons per second. Higher
intensity is unneeded and in fact undesirable due to device limitations of the TDC7201
+ Raspberry Pi system; but this may not be true for external instruments.

Diameter: 55 mm or less. This leaves room for 10 mm radial spread. Tighter
would be slightly better. A 10 mm x 13 mm FWHM beam as described in Fig 5 of the
web page should be more than adequate.

Solid angle: The 13 msr given for Mode B should be fine. There will be additional
angular scatter from passing through the 1.5 mm stainless steel of the VDGG sphere.
The smaller the beam diameter, the more angular spread can be tolerated.

Electrical power: In the experimental bay: Two type 13 220V sockets (type 12
plugs). The VDGG motor is 110V <15A and will require a step-down converter. The
remaining devices are low voltage and should run directly off 5V (USB) with 230V-
compatible power supplies, or off batteries. None of them are higher than 18W max
(CanaKit Raspberry Pi 4B supply is 100-240V 0.8A max input and 3.5A 5.1V = 17.85W
output), with typical consumption much lower (maybe 40% of max).
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2. Safety

The main safety hazard will be a 0.5 m diameter steel sphere charged to ±700 kV.
The charging current is only about 60 µA and is not very dangerous by itself, but the
sphere acts as a capacitor with value C = 4πε0r; plugging in ε0 = 8.854× 10−12 F/m
and r = 0.25 m gives C = 27.8 pF, so at 0.7 MV we get Q = 19.5 µC.

This can arc at least 30 cm, and the strong static field could affect nearby sensitive
equipment. Normal US and European safety standards should apply, including appro-
priate signage. No one should be allowed near the VDGG sphere without training on
the hazards and the discharge procedure. No one with a heart condition or implanted
electronics (such as a pacemaker) should be allowed near the sphere.

Although we treat this arcing hazard quite seriously, it should be mentioned that
the same VDGG can be (and has been) safely used for the usual ”hair standing up”
demonstration of static electricity, as long as the human subject is well insulated (e.g.
standing on a wooden stool or rubber mat).

The PMT will be driven by about -900V and 0V. Some small portions of the circuitry
inside the sphere will have metal at -900V (relative to apparatus ”ground”, which floats
with the sphere voltage). We plan to cover these with electrician’s tape. The HV supply
is very low current, but a small resistor (perhaps 50 or 100 ohm) at its output might
help limit any risk of shock.

There is also a minor mechanical hazard from the VDGG drive belt connecting the
motor to the lower pulley, as this is only partly covered. However, since no one should
be near the VDGG while the motor is running anyway, this should not be a serious
problem.

2.1. Discharge procedure. Before approaching the VDGG and opening the sphere,
the discharge procedure must be followed. This is true even if the motor is not running,
since the sphere may retain a static charge for many minutes.

(1) Check that the beam is turned off and it is safe to enter the experiment bay.
(2) Reduce the motor controller speed to zero. This eliminates the charging cur-

rent, but the sphere may still retain charge for quite some time.
(3) Verify that the motor and belts have stopped moving.
(4) Pick up the discharge wand (a small grounded metal sphere on a plastic rod)

by its plastic end. Touch the metal end of the wand to the VDGG sphere to
draw off any static charge. One or more moderately large (up to 30 cm) sparks
should be expected.

(5) The sphere is now grounded, and is safe to approach and open. Either the
wand, or some other grounding wire, can be left in contact with it if desired.

Note that neither the motor controller nor the VDGG motor should be unplugged
before this procedure is complete, as that would break the system ground continuity
and probably render the discharge wand useless.
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2.2. Layout constraints. US DOE Handbook of Electrical Safety DOE-HDBK-1092-
2013, section 2.8.2 recommends a working distance of at least 10 feet (3.05 m) between
a high voltage (>75 kV) and any insulated or grounded object. This is to give the
human worker sufficient space to maneuver; it does not apply to an area where people
will not be working. Thus, along the direction from which a human will approach to
discharge the VDGG sphere, there shall be no obstructions for at least 3.05 m from
the VDGG sphere (3.3 m from the central axis).

Within this safe work zone, the motor controller will be located 2 m or more from
the sphere so that it is safe to operate even when the sphere is fully charged. The
discharge wand must also be kept at least 2 m from the sphere when not in use.

No grounded electrical equipment or conductors, except the drive motor and its
power cord, shall be within 2 m of the sphere. This includes the mouth of the muon
beam, but also e.g. wall outlets and ethernet cables. No ungrounded electrical equip-
ment (e.g. the battery-powered static field meters) shall be within 1 m of the sphere.

2.3. Signage. A 2.25 m radius circle around the central axis (i,e, 2 m from the VDGG
sphere) shall be marked off with floor warning tape. The circle shall not be entered
while the VDGG is running or charged, except as described in the discharge procedure.

The experiment bay shall be marked off with signs such as DANGER, HIGH VOLT-
AGE, ELECTRICAL SHOCK HAZARD, AUTHORIZED PERSONNEL ONLY; and also
with the equivalents in German (Hochspannung, Lebensgefahr, etc.). All signage within
2 m of the sphere shall be non-conductive.
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3. Motivation and Goals

A recent class of unified theories posits that the quantum phase rotations of a particle
can be viewed as its local clock, and that there should thus be time-dilation-like effects
associated with all potentials, not just the gravitational one.[1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16] Most versions of the theory give

Td ≈ 1 +
qV

mc2

for the first order electrostatic effect. Yablon’s version flips the sign, and Ringerma-
cher’s similar theory predicts an effect that’s twice as large and even easier to detect;
see discussions in following theory sections.

We propose to test the predicted electrostatic time dilation along the lines sketched
out in 1979 by David Apsel[2], by measuring the decay lifetimes of antimuons and
muons at rest in an electrostatic potential. This should easily be able to determine
whether the first-order effect exists, whether it is of the predicted size, and whether
Yablon’s reversal or Ringermacher’s doubling are correct. It will not be sensitive enough
to characterize second-order behavior.
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4. Theory

4.1. The Unfinished Program of General Relativity. To set the context, it will
be helpful to review the history of General Relativity and attempts at unified theories.

Between 1915-1917 when GR was first published in more-or-less final form, and the
early 1930s, many people tried to find theories uniting GR with classical EM. Analyzing
this massive body of work is far beyond the scope of the present proposal; even a book-
length review[17] was only able to cover some of the principal theories from this period.
One of the more famous attempts, H. Weyl’s Raum·Zeit·Materie[18], introduced the
concept of gauge invariance, which was crucial to many later developments. None of
these Unified Geometrized Theories (UGTs) was entirely successful; the problem was
harder than people thought. Both the triumphant development of Quantum Mechanics
in 1925-27, and the discovery of new elementary particles and the weak and strong
forces a few years later, made GR-EM unification seem increasingly irrelevant.

For most working physicists from then on, GR was considered to be a theory of
gravitation only, with little or no relevance for other phenomena. Only a handful
of researchers, including Einstein and Schrödinger, felt otherwise. In their view, the
program of GR would not be complete until all forces had been geometrized:

the conception Einstein put forward in 1915 embraced from the outset
. . . every kind of dynamical interaction, not just gravitation only. . . .
the very foundation of the theory, viz. the basic principle of equivalence
and a gravitational field, clearly means that there is no room for any
kind of ’force’ to produce acceleration save gravitation, which however
is not to be regarded as a force but resides on the geometry of space-
time. Thus in fact, though not always in the wording, the mystic
concept of force is wholly abandoned. . . . we are in patent need of
field-laws for the matter-tensor (e.g. for the electromagnetic field), laws
that one would also like to conceive as purely geometrical restrictions
on the structure of space-time.[19, pp.1-2]

The mainstream view is that in GR only gravity needs to be geometrized; other
forces do not. For example, Sean Carroll writes

in GR, gravity is represented by the curvature of space-time, not by a
force. From the GR point of view, “particles move along geodesics,
until forces knock them off.” Gravity doesn’t count as a force. If you
consider the motion of particles under the influence of forces other than
gravity, then they won’t move along geodesics[20, p.14].

This is diametrically opposed to the Einstein-Schrödinger position.
Einstein, of course, famously failed to deliver such a unified theory. So, the main-

stream position was defensible for a few decades.
Also, ironically, the first quantum formula describing EM time dilation was written

by Schrödinger himself, on the last page of his 27 Dec 1925 letter to Willy Wien[21]:
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Figure 1. Excerpt of page 6 of the 1925 Schrödinger letter to Wien.

νn =
mc2

h
− R

n2

This describes the phase frequencies of electrons in different hydrogen-atom orbitals.
Schrödinger did not consider these frequency shifts to be due to time dilations, but
the present theory does.

4.2. Modern Unified Theories. However, in 1978-81, David Apsel delivered the first
of a series of unified theories.[1, 2, 3] Using variational tensor calculus and a Hamilton-
Jacobi approach, and taking the Aharonov-Bohm effect[22, 23] as a guide, he managed
to find a semi-classical unification of gravity and EM based on the Einstein-Maxwell
action, giving

dτ =
1

c
dσ =

1

c

[
(gµνdx

µdxν)1/2 +
q

mc2
Aµdx

µ
]

In that theory, in Apsel’s words, ”the physical time associated with the trajectory of
a classical particle is related to the beats of the quasi-classical quantum mechanical
wave function associated with the particle”.[2, p.298] It was clear that some aspects
of this should be easily testable. In particular, the right hand term inside the brackets
gives the EM time dilation.

In 1985, Luis C.B. Ryff developed a similar theory focusing specifically on particle
lifetimes, but directly from relativity (using no variation). He notes ”although this
expression has the same form of the expression for the proper time found in the special
relativity, it is an extension of the latter. In particular, when

L = mc(gµνv
µvν)1/2 +

q

c
Aµv

µ

we recover Apsel’s relation. Our result is more general, however, since it is valid for
every particle whose motion can be described by a Lagrangian.”[4]

Two years later, Ralph G. Beil produced a fully geometric theory of EM.[5] It derives
electrodynamics from a metric in a Finsler space. Beil says ”a fundamental difference
between the present theory and Kaluza theories is that the fifth dimension here would
be timelike rather than spacelike. . . . An objection that has been raised to the use of a



ELECTROSTATIC TIME DILATION. 9

timelike fifth dimension . . . that causality would be violated by the closed timelike lines
in a compact dimension. The objection does not apply here, since the fifth dimension is
not compact.” Beil doesn’t explicitly discuss EM time dilation, but does note ”Another
interesting feature of this theory is the dependence of the metric on the motion of the
test particle. This is not as radical as it first appears, since the test particle dependence
is all in the gauge term. The usual physically meaningful quantities all involve only
the gauge-independent field Fµν . There may, though, be a way of using ideas such as
those of Apsel (1979) to give a measurable significance to the gauge.”

In the early 1990s, Jan W. van Holten analyzed the problem of a muon spin-up or
spin down in a strong magnetic field. Although he got the same answer to first order
as other theories in this class, finding

dt = dτ
E − qφ
M

he seemed unaware of prior work. He notes that ”It is quite clear from this formula, that
any quantity which contributes to the energy E in an observable way, also contributes to
the time dilation”.[6] Unfortunately, the field strengths required for reasonable testing
of the magnetic effect on muons are in the GT range.

In 1994 Ringermacher published the first version of his theory connecting EM and
gravity.[31] In this theory gravitational and EM potentials enter symmetrically:

Physical electromagnetic force terms appear alongside gravitational
force terms in the connection. This is in sharp contrast to Weyl's
theory, for example, where the vector potentials appear in the con-
nection. Thus a metric theory based upon this connection should in-
troduce electromagnetic potentials alongside gravitational potentials in
the metric solutions. Failure in this regard has in fact been a puzzling
point in past theories. Recently it has been experimentally verified that
the gravitational potential introduces quantum phase shifts in the neu-
tron wavefunction in interferometry experiments and so it would seem
that electromagnetic potentials, known to produce phase shifts in elec-
tron wavefunctions via the Aharonov-Bohm effect, should be on equal
footing with the gravitational potentials and not with the gravitational
forces as they are in all Weyl-type theories.

Although the theory gives

Duλ

ds
= −κuµF λ

µ

with κ = −e/mc2[31, eq. 23], Ringermacher didn’t explicitly state that this implied
EM time dilation until later papers. Those later papers give

dτ2
dτ1

= 1 + 2κ(φ2 − φ1)

which predicts an effect twice as large as the other theories here.[32, eq. 1],
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Around 1999, Murat Özer worked specifically on electrostatic time dilation, and
reached similar equations to Apsel’s.[7] Unfortunately, his paper took 21 years to get
published, finally reaching print in 2020. He was unaware of prior work until seeing
one of my preprints in 2021. For the electrostatic case, Özer gives

∆T (d) = ∆T (0)

(
1 +

q

mi

|E|d
c2

)
where d is the distance and |E| is the electric field strength, so that |E|d = ∆V is the
change in voltage.

In March 2009, I had the insight that the changes in phase frequency for different
orbital energies seen in solutions of the Schrödinger equation follow (to first order) the
same law as changes in clock rates in gravitational time dilation. This led me into a
series of simple-minded approaches to the same body of theory, especially in the static
limit, as well as thinking about how to cost-effectively test it.[8, 9, 10, 11] In particular,
I show that both gravitational time dilation

Td ≈ 1 +
mφ

mc2

and EM time dilation

Td ≈ 1 +
qV

mc2

follow directly from E = mc2 and E = hν, and are thus independent of specific
theories.[11]

Around 2015, Jay Yablon stared investigating ”geometrodynamics”. In a series of
preprints in 2017-2018[12, 13, 14, 15, 16], he derived many of the same results as
Apsel, but also applied the theory to other areas such as fermion masses and mixing
angles and the g-2 anomaly, and suggested several new tests. He was unaware of
prior work in this field until I contacted him in 2021. For the electrostatic case Yablon
derives[12, Eqns. 4.10 & 11.11]

γem =
dt

dτ
≈ 1 +

qφ0

mc2

This appears identical on the surface, but a close reading of Yablon’s papers shows
that his version of the theory actually has a sign-flip relative to the others. E.g., he
predicts that a positive antimuon in a positive potential will decay more slowly than
normal, whereas the other versions of the theory predict that it will decay more rapidly.

4.3. EM Equivalence Principles. Gravity and electromagnetism are both 1/r2 forces.
But the question of exactly how they are (and aren’t) equivalent has rarely been ex-
plored. Here we sketch the history of this line of inquiry, as best we know it.

Einstein’s 1907 first paper on gravity[24] used two Equivalence Principles; the
Galilean EP that gravitational mass is proportional to inertial mass, and the Einstein
EP that gravity and acceleration are locally indistinguishable. (There are several others
that could be applicable[25], but we’ll ignore them.) In §18 Einstein derives positional
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time dilation in an accelerating frame (a clock in the nose of an accelerating rocket
must run faster than a clock in its tail), then in §19 concludes by the EEP that gravity
must have a similar effect. If he had also assumed the equivalence of acceleration in
an EM field (an EM Equivalence Principle (EMEP) similar to that described by Özer),
then he could have derived the formula for EM time dilation by the same method.

In 1911 Einstein wrote another paper on gravity that used different arguments to
predict both gravitational time dilation and gravitational red shift. Unfortunately, while
this got him closer to GR, it also moved him farther away from EMTD. So one of the
sad ironies of Einstein’s career is that he searched for decades trying to find a unification
of gravity and EM, but was probably closer to it in 1907 than at any later time.

Around 1923, in the later German editions (5th and 6th, maybe 4th, but definitely
not 1st-3rd) of Hermann Weyl’s Raum·Zeit·Materie, Weyl speculated about whether
there was some kind of EM equivalence principle.

Dennoch bleibt hier ein Unbehagen züruck. Bei Einstein lässt sich der
Zusammenhang zwischen der Richtung erhaltenden Trägheit und der
Gravitation an der Gleichheit von schwerer und träger Masse oder dem
�Äquivalenzprinzip� ohne weiteres anschaulich demonstrieren; wo ist
eine entsprechende anschauliche Basis für den hier behaupteten Zusam-
menhang zwischen kongruenter Verpflanzung und elektromagnetischen
Feld? Es ist zuzugeben, daß eine solche anschauliche Basis fehlt; aber
wir können wenigstens verstehen, warum sie fehlen muß.[18, p.304]

Here we still feel a certain dissatisfaction. In Einstein’s case, the con-
nection that maintains the direction of inertia and gravitation could be
transparently and directly expressed by means of the equality of the in-
ertial and gravitational masses, or the “equivalence principle”. Is there
a corresponding transparent basis for the connection formulated here
between congruent transport and the electromagnetic field? It is gener-
ally assumed that there is no such transparent basis. However, we can
at least explain why it must be absent.[17, p.134 footnote, translation
by J. Barbour]

Unfortunately, Weyl only considered the Galilean EP, which was the worst possible
choice; the EM equivalent would be that electrical charge is proportional to mass.
Since that is manifestly not true, Weyl (wrongly) concluded that there could be no
EM equivalence principle.[18, pp.304-305]

Özer revisited this question in 2020[7, §6], deriving a ”single - particle equivalence
principle” which essentially states that (some) acceleration and an electric field are
indistinguishable for a single charged particle. Since both acceleration and gravity
have position-dependent time dilations, this implies EMTD as well.

This is a subtle point. F = ma already forces the dynamics of a charged particle
(with zero magnetic moment) in a uniform electric field to be identical to its dynamics
in a uniform gravitational field of equal force. But if EMTD does not exist, then
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not all behavior would be identical; the decay rate at all points in the electric field
would be identical, but the rate in the gravitational field would vary with potential.
Thus mainstream physics currently claims that a uniform gravitational field and and
a uniform electrostatic field are distinguishable even for a single particle type. EMTD
claims that they are not, that no single-particle-type experiment can distinguish them.
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5. Experiment

5.1. Previous experiments. In 1831 Michael Faraday invented the concept of an
EM potential (under the name ”electrotonic state”). Around 1845, he attempted to
demonstrate experimentally that potentials were measurable, using first electric and
then magnetic fields. While he failed to do so, those experiments led to the discovery
of paramagnetism and diamagnetism, and were crucial for his 1850 idea that space
itself held the strain of electric and magnetic forces.

The notion that some kind of time dilation might be associated with EM is also
quite old, with the first experimental tests appearing shortly after the invention of the
Van De Graaff generator. All of them reported null results. Here we describe them,
and analyze their conceptual flaws and why the present theory actually predicts their
null results.

5.1.1. Kennedy-Thorndike. In 1931 Kennedy and Thorndike looked for a difference in
the frequency of light emitted by neutral mercury (the 5461Å ”mercury green line”) at
0 V and ±50 kV.[26] They found only a tiny effect (less than 3.1± 1.6 parts in 1014)
and considered this null.

Our theory predicts zero effect for two reasons. First, zero charge gives zero effect:
q = 0 implies that qV/mc2 = 0. But even for a charged ion, a simple energy-
conservation argument shows that the wavelength emitted must remain the same.
(Excite ion, move excited ion into potential, de-excite ion, move ion out of potential;
if charge is conserved then the two move energies must exactly cancel, so the the
”excite” and ”de-excite” energies must also exactly cancel.) Thus, unfortunately,
simple and direct spectrographic methods cannot measure EM time dilation.

This conclusion was also reached by Brillouin[27, chap 2], Woodward and Crowley[28],
and Özer[7, eqn 25]. However Woodward and Crowley, using the Reissner-Nordström
metric, did not predict a zero effect but rather one where ∆ν/ν ≈ 2πGφ2/c4, which
is about 10−40 for a potential of a few MV. This is proportional to the square of the
potential φ and so has no first order term, whereas our proposed effect does. But that
could make it measurable at potentials in the 10-100 GV range and higher. Özer also
pointed out that this effect is not strictly an electrostatic time dilation, but rather a
gravitational time dilation due to the mass equivalent of the stress-energy of the elec-
tric field.[7, §8] This explains it being the same for positive and negative potentials,
which cause equal stresses.

5.1.2. Drill. In 1939, Drill repeated the Kennedy-Thorndike experiment at ±300 kV
and got 0.9± 1.0 parts in 1015.[29] The measurement of the interference photographs
was single-blinded (the measurer did not know what voltage the plate was from). This
was a cleaner and more convincing null result.

5.1.3. Bailey et al. In 1977 Bailey et al. published muon and antimuon lifetime data
from the CERN muon storage ring.[30] Although the standard interpretation of CPT
invariance requires that the lifetimes be identical, they differed by a small amount:
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τ+ = 64.419(58)µS, τ− = 64.368(29)µS, or about 1 part per thousand. This was
attributed to experimental error and considered to be in complete agreement with
special relativity and equality of the lifetimes.

The particles were moving in a magnetic field used to bend their paths. Apsel ana-
lyzed this and concluded that the enclosed flux would cause a small lifetime difference
of

(τ− − τ+)

τ+
≈

(e/mc3)
[∫
l−
A−
µ dx

µ +
∫
l+
A+
µ dx

µ
]

τ+0
in his version of the theory. Unfortunately, ”The measurements necessary for a quan-
titative comparison between our theory and the experiment were not made.”[2, §4]

5.1.4. Ringermacher et al. In 2001 Ringermacher et al., following a tensor theory[31,
32] that predicted ”effects on clocks attached to charged particles, subject to intense
electric fields, analogous to the effects on clocks in a gravitational field”, looked at the
NMR resonance frequency of proton spins in hydrogen atoms in a 5 kV potential.[33]
They found no effect down to 6×10−9. Their theory predicted a time dilation of exactly
double what the Apsel formula gives (see theory section above), and is probably a
systematic error, since the factor of 2 also appears in their formula for gravitational time
dilation, making it twice as large as the weak field approximation of GR. Numerically,
it would be

dτ2
dτ1

= 1 + 2
20 keV

938 MeV
≈ 1.0000426

with Apsel and myself predicting half that (1.0000213) if our formula applied. Either of
these would be large enough for them to have detected if the NMR frequency changed
by that much, so this experiment is not as obviously flawed as the others. We must
seek some other explanation of the null result.

They apparently expected that an EM time dilation would affect all properties of a
proton. However, NMR is a function of the particle’s magnetic moment; if that didn’t
change there would be no reason to expect a different frequency. Since the magnetic
moment is proportional to spin (~µ = γ~S, with γ the gyromagnetic ratio), a change in

~µ would require a change in either γ or ~S. The magnitude of ~S is fixed by QM and
cannot change continuously.

Another argument would be that, since NMR is an interaction between a particle
and an oscillating field, it is essentially spectroscopic in nature, and subject to the
energy-conservation argument mentioned earlier. If so, no frequency change would be
expected.

A third argument would be that neutral hydrogen atoms were used, and that the
H atom system therefore experienced no potential energy change. This is essentially
arguing that the H atom, not the proton, is resonating. While this seems unlikely,
if true it would have serious consequences for the present proposal, since we expect
that µ+ will form muonium in most materials. If the neutral muonium atom decays
(rather than the charged antimuon), then Td ≈ 1 + qV/mc2 would predict no effect.



ELECTROSTATIC TIME DILATION. 15

This was noted both by myself, and by Thomas Prokscha of PSI, who suggested
that a material in which muonium is not formed (like metals, ZnO, or SrTiO3) might
eliminate this concern. The present proposal does not utilize such materials, although
some development work has been done towards a hybrid plastic/tungsten sandwich
detector which would.

5.1.5. Tajmar-Williams. In 2020 Tajmar and Williams looked for a time dilation of a
charged clock, reasoning that if electrical charge equalled motion in the non-compact
5th dimension of Kaluza theories then there might be an SR-like time dilation related
to the motion.[34] (The 5th dimension here is space-like, unlike in Beil’s theory where
it is time-like.) They concluded that the ”speed” in the 5th dimension had to be
proportional to the charge-mass ratio:

k
dx5

dt
=

q

m

k2 ≡ 16πG

c4µ0

≡ 16πGε0
c2

and noted that ”Clocks and other complex systems of many particles will have much
lower charge-to-mass ratios than the elementary particles.” Despite this, they predicted
quite a large effect. For an atomic clock inside a 20 kV sphere, they found nothing.

There are several problems with this experiment, some of which they noted them-
selves:

(1) Their FE-5680A clock was based on neutral rubidium atoms.
(2) It is not clear that the clock itself was charged, although it was at potential.

They thus ”recommend seeking a more definitive test that somehow insures
that the clock has some non-zero charge density . . . a definitive test of the
Kaluza time dilation hypothesis may require a clock which can be constructed
from purely charged matter.”

(3) The R-N metric predicts a much smaller time dilation than their interpretation
of Kaluza[28]; if R-N is correct then their null result would be expected.

From the viewpoint of the present theory, q = 0 implies Td ≈ 1+qV/mc2 = 1. Even
if they were able to charge the entire clock, the mass of about 1 kg would ensure a
dilation far too small to be detected. Our proposed experiment can be viewed as using
muons to ensure ”that the clock has some non-zero charge” and that the ”clock [is]
constructed from purely charged matter”, as well as reducing the mass of the ”clock”
to that of a single muon. Thus, our experiment should also provide a much cleaner
and more stringent test of the Tajmar-Williams ”classical Kaluza” theory than their
own experiment did.

It is also worth noting that their theory predicts a time dilation based on charge-mass
ratio only; the potential plays no role. Thus the time dilation for a muon should be
huge even at zero potential, and should not vary with potential.
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5.2. Other proposed experiments. While muon lifetimes are perhaps the easiest
way to measure EMTD, several other types of experiments have also been proposed.
If our experiment is successful, many of these could be considered for followup exper-
iments.

5.2.1. Aharonov-Bohm effect. (Apsel 1979)
The Aharonov-Bohm effect is known known to shift quantum phase. Apsel proposed

that the proper time experienced by a particle traveling one one side or the other of a
shielded solenoid would thus differ, even in a field-free region.[2]

We believe a closed toroidal solenoid, or permanent magnet, would be more practi-
cal. Because this is a topological effect, all particles of the same type going through
the toroid would have lifetimes altered by the same amount. This setup could accom-
modate very high beam energies and intensities. Also, if placed around a storage ring,
the effect would happen once per circuit and would accumulate.

5.2.2. Muon storage ring. (Apsel 1979)
Apsel argues that the small difference between µ+ and µ− lifetimes seen in the

CERN storage ring experiment can possibly be explained by his theory, but that the
necessary measurements of the total enclosed magnetic flux were not made.[2, §4] A
more careful experiment, that measures B everywhere inside the ring, might detect it.

5.2.3. Muons in atoms. (Apsel 1979, Apsel 1981)
The theory predicts that a µ− orbiting an atomic nucleus will have longer lifetime

due to the lower potential. This effect is small for low-Z (about 10−11 seconds for
muonic hydrogen), but gets quadratically larger as Z increases. Unfortunately, for
high-Z, nuclear capture dominates normal decay, and it’s hard to get good lifetime
data. Also, the effect is a small correction to the SR time dilation from the implied
velocity of the muon given by its kinetic energy from the quantum virial theorem.
Although Apsel argues that the effect is already visible in low-Z atoms[2, 3], this claim
has been ignored.

5.2.4. Deuteron. (Apsel 1978)
Apsel claims that the theory explains the infinite lifetime of neutrons in nuclei, and

analyzes the case of the deuteron. Thus, the stability of the neutron in deuterium can
be considered evidence for the theory.[1]

5.2.5. Neutron star redshifts. (Apsel 1981)
The theory predicts that a highly magnetic neutron star (”magnetar”) can have

additional redshift due to the magnetic field, up to about z ∼ 3.5. Observed QSO
redshifts are as high as 3.53. QSO survey data could thus give evidence about the
theory.[3]

5.2.6. Ionic clocks. (Özer 2020)
According to Özer, replacing the neutral-atom clock of Tajmar-Williams with an

ionic clock should make the effect detectable.[7]
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5.2.7. Ratio of spread to Compton wavelength. (Yablon 2017)
Yablon predicts that the ratio of the standard deviation of the tightest possible

particle grouping to the Compton wavelength of the particle will vary slightly from tau
to muon to electron, in the ratio:

στ
λτ

:
σµ
λµ

:
σe
λe

= 1 : 1.00967118 : 1.01512279

[12, pp.75-76]
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6. Measurement apparatus and technique

Because the predicted effect is so large, the experimental apparatus can be fairly
simple. Even a student-grade muon lifetime apparatus, such as that from Teachspin,
would suffice.[10] However, our apparatus needs to live inside a charged sphere, and
hence must be battery powered

Since the measurement is of relative decay lifetimes, some sources of error (such
as an offset in clock frequency) will simply cancel out and do not need to be tightly
controlled.

We first describe our current prototype apparatus. Many improvements to it are
possible, but they should be subject to cost/benefit analysis, so we leave that for later.

Figure 2. Van De Graaff
generator, motor controller,
discharge wand.

6.1. Van de Graaff generator. The
potential is created by a Van de Graaff
generator with a 503 mm diameter sphere
made of 1.5 mm thick stainless steel.
This was mostly built from a kit by
Physics Playground, but several improve-
ments were made. The original solid
sphere was replaced with two hemi-
spheres for easy access to the interior.
A new structure (”Top Hat”) to support
the hemispheres from below was first 3D-
printed to check fit, and then machined
out of Delryn. An additional structure
(”Vlad”) was 3D-printed to support the
apparatus inside the VDGG sphere.

The VDGG supplies a charging current
of around 60 µA and achieves a nominal
voltage of about -700 kV. The polarity
can be reversed by swapping upper and
lower rollers.

The speed of the VDGG belt motor
is controlled by an external motor con-
troller. Typically, this will be run at less
than half speed to reduce stress on the
charging belt.

6.2. Beam - Scintillator - PMT. The
primary target is a 76 mm diameter x
57 mm thick cylinder of BC-412 scin-
tillator plastic, coupled to a Photonis
XP5312 PMT with a 130 MΩ dynode
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chain. (The relatively high resistance re-
duces power, and makes it testable with
battery-powered field meters.)

Figure 3. Hardware com-
ponents inside the VDGG
sphere.

The beam will be antimuons (for
phases 0 and 1) or muons (for phase 2).
It needs to deposit muons near the cen-
ter of the scintillator. This allows the
scintillator to be ”4π”, i.e. detect de-
cay positrons/electrons emitted at all an-
gles. Thus, polarization is mostly irrel-
evant. We estimate the required beam
energy to be around 26.5 MeV, including
penetrating the air gap and the VDGG
sphere, but this should be tuned on-site.
Chromaticity is only slightly important,
as it only affects the muon implantation
depth. (Note also that the voltage and
polarity of the VDGG sphere will alter the
effective beam energy, but should only
change implantation depth by±1-2 mm.)

Beam intensity should be tunable
in the range of 100 to 10000 parti-
cles/second. Software limitations cur-
rently restrict the apparatus to no more
than about 3500 measurements/second,
but there is significant dead time in each
cycle, so it would take more than 3500
particles/second to achieve the max rate.
Lower intensities reduce the frequency of
”false decays” from two unrelated parti-
cles, which scale quadratically with inten-
sity while true decays scale linearly. How-
ever, background radiation is expected to cause 25-65 events/second, so there is a limit
to how much low intensity can help this.

6.3. Amplifiers. This section is currently still being designed. It is expected to com-
prise a 2-stage amplifier, a tunable discriminator, and possibly a digital pulse shaper. A
Photochemical Research Associates PRA 1762 100MHz Amp Discriminator NIM BIN
module is in the current prototype, but has not been fully tested.

6.4. Timing measurement (in sphere). Decay times will be measured using a Texas
Instruments TDC7201 time-to-digital-converter chip. This is an inexpensive (about $3)
chip intended for LIDAR applications. It has some very nice properties, such as 55 pS

https://www.ti.com/lit/ds/snas686/snas686.pdf
https://www.ti.com/lit/ds/snas686/snas686.pdf
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resolution, but also some quirks that have to be worked around. It can record up to 5
pulse timings per measurement cycle.

Figure 4. Some of the in-
sphere hardware. Clockwise
from top: 5V/12V battery,
Raspberry Pi, TDC7201
EVM, PRA 1762, detector.

The prototype uses a TDC7201-ZAX-
EVM evaluation board, controlled by a
Raspberry Pi. The hardware connections
can be hand-wired, but we designed a
custom interface PCB. The software dri-
ver we wrote is available on Pypi (via
”sudo python3 -m pip install tdc7201”),
and as source on GitHub.

Pulses arrive at the TDC over SMA
cables, and need to be 0.0V-3.3V with
a minimum duration of 5 nS. This
puts some constraints on the ampli-
fier/discriminator section.

The default clock base for timing is
an 8 MHz signal from a clock chip on
the EVM. We have replaced this with a
16 MHz clock generated by an Adafruit
board with a Si5351A clock generator
chip. My frequency counter says this is
putting out 16.00029(1) MHz, which is
more than stable enough for this experi-
ment, but it would be nice to connect it
to a traceable standard. 16 MHz is the
spec limit for the chip; we have not tested
to what extent this is over-clockable.

An alternate approach to timing would be to run the PMT pulses out of the sphere
over fiber optics to external equipment. This would have the advantage that larger
and more expensive devices (e.g. a rack of NIM BIN or CAMAC modules) could be
used and full line voltage would be available to power them. We do not plan to do
this for phase 0, but it is a possible improvement for phases 1 and 2.

6.5. Raspberry Pi (in sphere). A Raspberry Pi inside the VDGG sphere performs
multiple tasks.

• Configure the Si5351A clock generator (I2C bus)
• Initialize and configure the TDC7201 (SPI bus)
• Start a measurement on the TDC7201 (SPI bus)
• Read measurement results from the TDC7201 (SPI bus)
• Store measurement results on a 256 GB USB stick (USB)
• (optional) Transmit measurement results to an outside computer (Ethernet or

Wifi)

https://www.ti.com/lit/ug/snau198a/snau198a.pdf
https://www.ti.com/lit/ug/snau198a/snau198a.pdf
https://www.adafruit.com/product/2045
https://www.adafruit.com/product/2045
https://www.digikey.com/htmldatasheets/production/1763475/0/0/1/Si5351A-B-C-Datasheet.pdf
https://www.digikey.com/htmldatasheets/production/1763475/0/0/1/Si5351A-B-C-Datasheet.pdf
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• Accumulate batch statistics and transmit them to MQTT server (Ethernet or
Wifi)
• Monitor system status (temperature, disk use, etc.) and transmit to MQTT

server (Ethernet or Wifi)

The software works identically on Raspberry Pi 0W, 3B+, and 4B, except for dif-
ferences in performance and power consumption. There is no reason to use any other
models, except possibly for the new Pi Zero 2, which has not been evaluated but is
expected to be slightly slower and lower-power than the 3B+. Half a gigabyte of RAM
is adequate; more does not provide a significant benefit.

The SPI interface of the TDC7201 has a spec max speed of 25 MHz. Since SPI
transactions consume a significant fraction of the total measurement cycle, we exper-
imented with overclocking this. On our prototype board, everything worked more or
less normally up to a bit over 33 MHz, although certain classes of errors occurred more
frequently as the speed increased. Above that speed, nothing worked. This was a
useful exercise, as it allowed us to improve the software’s ability to detect and recover
from SPI errors. We believe that the current hardware could be safely overclocked to
around 29 MHz SPI speed while maintaining adequate margins, but this would only
speed up measurements by a few percent.

6.6. Network. The prototype was developed using wifi (mostly 2.4 GHz) for commu-
nication. Perhaps surprisingly, this works well even from inside a metal sphere (with
a hole) and even with considerable broad-spectrum EM interference. The minimum
required bandwidth is quite low, comprising only several kB per minute of MQTT data.
(Transmitting all raw measurement data would require much more.)

Given PSI’s aversion to using wifi for experiments, we are currently investigating
converting to hardwired ethernet. This requires an optical link out of the VDGG
sphere. The necessary components have been purchased, but not yet assembled and
tested.

6.7. MQTT server. Development was done using external MQTT servers (mainly
mqtt.eclipse.org and test.mosquitto.org). A fully ”air-gapped” system would require a
hardwired MQTT server on the local ethernet. Any Raspberry Pi running Mosquitto
should suffice, but we have not yet implemented this.

6.8. Control station. The control station has two functions. The first is to ssh into
the RPi inside the VDGG sphere, allowing it to start and stop the measurement program
and others, and to edit files. The second is to subscribe to MQTT data and display
the experiment console (written in node-red). These functions are not required to be
on the same computer. Any reasonable computer, such as a MacBook or Raspberry
Pi, is adequate. A large HD monitor for the console is nice, but requires a computer
capable of driving it.
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7. Statistical analysis

Several different approaches could be taken to analyzing the data. We expect to
apply at least three; each with their own advantages and disadvantages.

In all cases, we discard measurements where only 0 or 1 pulses are detected, since
no lifetime measurement is possible. For cosmic rays, in a detector this size, over 97%
of all events are single-pulse since most particles pass right through the scintillatior.
Electron contamination of the muon beam should also appear as mostly single-pulse
noise. We retain the summary count of 1-pulse events, since this has implications
for the expected rate of false 2-pulse events caused by two 1-pulse events randomly
appearing close to each other.

We also (at the moment) plan to discard all measurements with 3 or more pulses.
The summary count of such events, however, can help us tell whether our beam
intensity is too high or too low.

We plan to always apply the appropriate correction for a truncated exponential.[35,
10] This is small, but easy to calculate, so there’s no excuse not to do it.

Because exponential decay is ”memoryless”, short-decay-time anomalies can be re-
moved by discarding all decays shorter than a threshold Tth and then subtracting Tth
from all remaining decay times. (Such anomalies can be caused by e.g. beam contam-
ination or hardware limitations.) However, the identical procedure must be applied to
each corner to avoid introducing biases.

The TDC returns digitized numbers, so effectively the data is already rounded into
55 pS bins. This is small, so usually we will treat the results as ”real numbers”, but
for some purposes (e.g. graphing) it may be useful to retain the bin structure.

Figure 5. Graph of raw
data and best-fit curve.

7.1. Statistical approach 1: Curve-
fitting. We can use regression methods
to fit the collected data for each corner to
an ”exponential decay plus noise” model.
This was the approach we took to analyze
Teachspin data.[10] All the software for
this approach is already written (in R[36]
and Octave[37]) and tested, though small
modifications may be required.

7.1.1. Advantages. We get immediate
estimates of the decay lifetime and noise
level. Graphs of the fit curve versus raw
data are easy to make; it is possible to see
evidence of deviations from an ideal ex-
ponential decay, such as short-decay-time
anomalies (e.g. due to pion contamina-
tion of a muon beam) or afterpulsing.
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7.1.2. Disadvantages. It is not possible to directly get confidence intervals or evaluate
whether we have reached 5σ. The noise model must be realistic, or the fit will be
off. Regression can be slow if parameters are not optimized. Requires voltage at each
corner to be tightly-controlled; any variation adds noise. Each corner must be analyzed
separately.

7.2. Statistical approach 2: Bootstrap Monte Carlo resampling. The collected
data can be resampled multiple times, any desired analysis procedure applied to each
resample, and the probability density of the lifetime computed and graphed. Software
to do this has been written in R[36], with graphing done using the sm non-parametric
smoothing library[38], and tested against various noise models.

Figure 6. Monte Carlo re-
sampling of simulated decay
data plus noise, graphed as
density curves.

7.2.1. Advantages. It is easy to visualize
both means and density curves. 3 or more
corners can be analyzed and plotted to-
gether. The analysis method does not
need to be sophisticated or remove noise
or systematic sources of error; even just
averaging the raw decay times seems to
work well in the face of large amounts of
simulated noise. Other statistics (stan-
dard deviation, skewness, etc.) can also
be analyzed in this way with very little ad-
ditional effort. The computation is quite
fast; 25M data points resampled 20 times
takes about 1 minute (on an M1 Mac
Mini running an M1-native version of R).
Thus it can be rerun frequently as data
is collected.

7.2.2. Disadvantages. Can’t see the de-
cay curve directly. Don’t get a direct
measurement of confidence intervals (ex-
cept visually). Requires voltage to be
tightly-controlled.

7.3. Statistical approach 3: Bayesian evidence accumulation and threshold-
ing. Each data point can be viewed as providing Bayesian evidence for one or another
hypothesis. Roughly, if one hypothesis Hf predicts a faster (shorter) decay lifetime
λf , and another hypothesis Hs predicts a slower (longer) decay lifetime λs, then there
is an intermediate decay time λf < λ0 < λs that provides zero evidence either way,
and any decay shorter than λ0 provides evidence for Hf while any decay longer than
λ0 provides evidence for Hs (with greater differences providing more evidence).
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We’ve discussed this method in some detail in an earlier paper[10], so do not repeat
that discussion here. However, no code to implement this has been written yet.

7.3.1. Advantages. Bayesian evidence simply adds; evidence for multiple data sets can
be calculated separately and just summed. A log-likelihood significance threshold can
be set (e.g. corresponding to 5σ) and we can know precisely when the data takes
us past that point. Accumulated evidence can be graphed over time, and extrapo-
lated to predict when the threshold will be crossed. Voltage does not need to be
tightly controlled; as long as a voltage measurement is associated with each decay
time measurement, the evidence for each hypothesis can still be calculated.

7.3.2. Disadvantages. Evidence for/against is relative to only two hypotheses; if there
are more than two, then separate calculations must be done for each pair. It is not
easy to visualize the mean decay times, confidence intervals, or density curves.
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8. Beam time estimate

Because the predicted effect size is so large by high-energy-physics standards (about
0.66%), it should be relatively easy to detect (if it exists at all). However, because a
positive result is likely to be highly controversial, it would be good to push beyond 5σ
if possible.

The TDC7201 hardware plus software timing restricts the theoretical maximum rate
to no more than about 3500 attempted measurements per second. Because there is
significant dead time, in which decays can get lost, this corresponds to a somewhat
higher beam rate max of perhaps 5K to 10K muons per second.

However, there may be reasons to settle for a somewhat slower beam rate. For
example, the level of coincidence noise false decays (two separate particles arriving
close enough together that they look like a decay) goes up quadratically with beam
rate, but the actual decays go up linearly; thus the ratio of false decays to real decays
can be reduced by reducing the beam intensity. For estimation purposes we will use
500 successful measurements per second, although we think that is probably low. That
is equivalent to 1.8M measurements per hour or 14.4M measurements per 8-hour shift.

We propose three phases (0, 1, and 2) of the experiment:
Phase 0 (development and testing) would ideally begin 2-4 months after approval,

i.e. around April, May, or June 2022. (Except, please do not schedule it on top of
the ICCN conference in Helsinki, 18-22 May 2022.) This would allow for shipping
the equipment to PSI, dealing with customs, and doing any additional development
required before arrival (e.g. converting from wifi to wired ethernet). The goals of
phase 0 are to make sure that all components of the experiment work as expected in
the PSI environment and that safety procedures are adequate, calibrate the voltage
measurement and clock source, gather 16M data points on µ+ at each of the three
voltage corners (+700kV, 0V, −700kV), and identify what (if any) improvements are
necessary or desirable. The data will be sufficient to see whether the effect exists at
all and whether it is approximately the expected magnitude.

Much of phase 0 does not require the beam to be running. We expect perhaps 3 8-
hour shifts for target alignment and beam tuning, determining the best beam intensity,
etc. That would be followed by a minimum of 2 shifts at each voltage corner; it might
be more conservative to assume 3 shifts each. Thus phase 0 would require in total
perhaps 2 weeks of non-beam setup time, followed by 12 shifts of beam time.

Phases 1 and 2 (measurement with µ+ and µ− respectively) would occur at least
3 months after phase 0, say around September or October 2022. This leaves time
for major upgrades with a long lead time (such as ordering a larger sphere for the
VDGG, which takes about 2 months). The goals of phase 1 are to incorporate any
improvements, and collect a large enough set of data on µ+ at all 3 voltage corners
to exceed 5σ. Assuming 64M data points per corner (192M total) at a rate of 500/S,
we need 5 shifts at each corner. Phase 1 would thus require perhaps 1 week of setup
time, 2 shifts for beam adjustment, and 15 shifts of data collection. This gives 17
shifts of total beam time.
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For phase 2, we would need the beam to supply µ− instead of µ+. We would then
gather equivalent data on µ− at all 3 voltage corners. Phase 2 would require about
1-2 days of setup time, 3 shifts for tuning the muon beam, and 15 shifts for data
collection, or 18 shifts total.

Note that if the measurement rate achieved in phase 0 is higher than the 500/S
assumed here, then the amount of data collection beam time needed would decrease
proportionally. We won’t have an accurate measure of this until late in phase 0.

The beam time requirement could also be reduced by using a larger VDGG sphere to
achieve a higher voltage. The voltage V is approximately linear in sphere diameter d.
The predicted signal strength S = qV/mc2 is proportional to V . The number of data
points required is roughly proportional to 1/S2. So, doubling the sphere size would
reduce the data needed by about a factor of 4. However, this would also double the
capacitance, quadruple the energy of an arc flash, and double the arc flash length (to
about 60 cm), making the VDGG more hazardous. Since a larger sphere (say 0.7m
or 1.0m) would only cost something like $1-3k, and could save many hours of beam
time, it seems like a very good investment if the safety issues can be dealt with. We
will investigate the largest safe sphere size for the piE1 environment during phase 0.
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9. Involvement and finances

Mr. Landman is presently the sole investigator. To run the experiment 24/7, at
least three additional persons need to be recruited to meet the PSI safety requirement
of having at least 2 people in the experiment bay at any time, with each person getting
adequate sleep. This will be done between approval and phase 0.

Mr. Landman will personally bear all expenses related to the experiment, including
any costs for the additional investigators.
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10. Requests from PSI

It is not anticipated that any financial support from PSI will be required. Neither
are any needs for PSU manpower known at present, other than operating the beam.

However, some access to PSI equipment may be desirable, for example:

• We’d like to calibrate clocks and timing against traceable European standards.
• Access to a precise high voltage source would ease VDGG voltage calibration.
• A volt meter with high-impedance probes would help tune the HV supply for

the PMT.
• We may want to 3D print some small parts on-site.

Some potential improvements to the experiment might require PSI equipment. For
example, running the pulses out of the VDGG sphere optically and doing the timing
measurement external to the sphere would require a few pieces of bench electronics
that we do not currently possess.
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12. Summary

We propose to test a predicted first-order time-dilation-like effect on charged unsta-
ble particles in a static electric potential.

Specifically, in this single experiment we will test:

• The baseline version of the theory which predicts Td ≈ 1 + qV/mc2

• Yablon’s variant where the sign of the effect is negated (Td ≈ 1− qV/mc2)
• Ringermacher’s variant where the effect is twice as large (Td ≈ 1 + 2qV/mc2)
• The Reissner-Nordström metric, which predicts zero first order effect (Td ≈ 1)

Assuming no flaw in the experiment, a null result would be compatible with R-N
but conclusively disprove the other items. A positive result would disprove R-N, and
either support one of the other items, or (if the magnitude is different from any of
them) indicate completely new physics. Any result would also have implications for the
Tajmar-Williams ”classical Kaluza” theory, which predicts a large effect independent
of potential.

The astute reader will have noticed that these theories have rather extraordinary
implications. They challenge our current understanding of EM gauge invariance (im-
plying that the Coulomb/radiation gauge is the only physically realistic one), assert
that absolute EM potentials are measurable (by measuring the relative decay times of
charged particles and antiparticles as in this experiment), and claim that the Maxwell
equations are incomplete even as a classical description of EM (since they do not pre-
dict EM time dilation, which, although it can be derived from quantum considerations,
is in the end a purely classical effect). That is quite a lot to swallow. It might feel
natural to reject them all instantly.

But over the past 44 years, one theoretical physicist after another has stumbled
across some version of this concept, and yet it has remained untested. This is silly;
the test proposed here is not difficult or expensive, and the benefits potentially huge.
Thus I believe that, no matter how unlikely this class of theories may appear at first
glance, any reasonable cost-benefit analysis will conclude that they deserve testing.
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