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Abstract

A simple Planck-scale model of nature appears to yield the entire standard model of particle physics,
including its fundamental constants. The conjecture derives from Dirac’s proposal to describe fermions
as tethered objects and models elementary particles as rational tangles. The tangle model appears to
explain the Dirac equation, the principle of least action, the observed particle spectrum of fermions
and bosons, and the three observed gauge interactions with their Lie groups and all their other proper-
ties. In a natural way, the specific tangles for each elementary particle define spin, quantum numbers
and all other properties. No aspect of the standard model remains unexplained.

Rational tangles appear to imply all the observed propagators and interaction vertices in Feynman
diagrams. Other propagators or vertices are excluded. The tangle model thus yields each term of the
full Lagrangian of the standard model. Over one hundred predictions and tests about physics beyond
the standard model are deduced from the conjecture. The predictions cover magnetic monopoles, the
weak interaction, the quark model, non-perturbative effects, glueballs, effects of gravity, and more.
The predictions agree with all observations performed so far.

The conjectured tangles for the elementary particles imply specific Planck-scale processes that oc-
cur during propagation and at interaction vertices. These processes determine particle masses, mixing
angles and coupling constants. Approximate estimates are possible; ways to improve the calculations
are pointed out.
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Figure 1: All the propagators and all the Feynman diagrams of the standard model, as given
by Romão and Silva [1]. The complete Lagrangian of the standard model arises when these
diagrams are completed with the particle spectrum, the equations of motion of free fields, the
algebra of the gauge groups, and the fundamental constants. As argued in the following, all
these ingredients appear to arise from the strand conjecture.

1 The quest for the fundamental constants

At first sight, the Lagrangian of the standard model of particle physics appears involved. When the
Lagrangian is described with the help of Feynman diagrams, it consists of 4 propagator classes – for
fermions, electroweak gauge bosons, Higgs boson and gluons – and 12 vertex classes, as illustrated in
Figure 1. The complete list of propagators and vertices arises when the 6 quarks, the 6 elementary lep-
tons and the 13 elementary bosons are included with all their properties – quantum numbers, masses,
mixing angles, and coupling constants [1]. In the Lagrangian of the standard model, four questions
are open since several decades [2]:

What determines the particle spectrum and the particle propagators?

What determines the interaction spectrum, the gauge groups and the interaction vertices?
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What determines the fundamental constants, i.e., the coupling constants, the mixing angles and
the particle masses?

What effects beyond the standard model exist?

The so-called strand conjecture proposes to answer these questions using a single fundamental prin-
ciple that describes nature at the Planck scale. The present paper explains the answers in detail and
provides an extensive list of predictions and tests that allow checking the proposal. Given the strong
claim of the conjecture, the predictions and tests are formulated as strictly as possible.

In the following, the fundamental constants are the set consisting of coupling constants, mixing
angles and particle masses (more precisely, mass ratios) only. In contrast, quantities such as c, �,
G or k are called Planck units. The values of the Planck units are fully determined by the used
measurement units, usually meter, kilogram, second and kelvin. The values of the Planck units require
no explanation; in contrast, the values of the fundamental constants do – as do their running with four-
momentum.

2 The origin of the conjecture

When Planck discovered the quantum of action � in 1899, he found the underlying quantity that
explains the observation of particles and of all quantum effects [3]. Bohr described quantum theory
as consequence of the minimum observable action value � [4]. Pauli then added spin 1/2, and Dirac
included the maximum observable energy speed c into quantum theory. From around 1929 onwards,
Dirac also regularly mentioned the so-called string trick or belt trick in his lectures. With this trick,
illustrated in Figure 2, he described spin 1/2 as result of tethered rotation, though he never published
anything about it. When Gardner wrote him, Dirac answered that the trick also shows that angular
momenta below �/2 are not possible in nature [5]. Nevertheless, a smallest angular momentum �/2

still implies a smallest observable action value �.
Historically, tethers were the first hint that nature might be built from extended constituents that are

unobservable but with crossing switches that are observable. It took several decades to understand that
also the complete Dirac equation could be deduced from unobservable extended constituents: Battey-
Pratt and Racey did so first, in 1980 [6]. It thus appeared that every quantum effect can be thought
as being due to unobservable extended constituents. Independently, in 1987, Kauffman conjectured a
direct relation between the canonical commutation relation and a crossing switch [7]. It thus appeared
that all quantum effects can be thought as being due to unobservable extended constituents whose
crossing switches are observable. Because the term ‘string’ had acquired a different meaning in the
meantime, the alternative term strand appeared more appropriate.

A second development also led to the strand conjecture. The surface dependence of black hole
entropy implies that black hole properties are due to microscopic degrees of freedom that are extended.
The conclusion was drawn by many, across many disciplines [8, 9, 10]. In the early twenty-first
century, it became clear that also Einstein’s field equations can be deduced from crossing switches of
unobservable extended constituents whose crossings are observable [11]. It thus appeared that every
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gravity effect can be thought as being due to unobservable extended constituents.
Finally, a third train of thought led to the strand conjecture. A large part of quantum field theory can

be summarized in the statement that observable action values W obey W ≥ �, and in the statement
that observable energy speeds v obey v ≤ c. Treder [12], De Sabbata and Sivaram [13], Massa
[14], Kostro and Lange [15] and Gibbons [16] showed that the observable force value F in general
relativity obeys F ≤ c4/4G. Together, these three statements lead to a number of consequences.
First, the Planck units are invariant, universal and encode fundamental aspects of nature. Second,
equations of motion, such as the Dirac equation and Einstein’s field equations, follow from the Planck
units [4, 17]. Third, at Plank scales, nature appears fundamentally simple, being described by limit
statements. Fourthly, at Plank scales, a description of nature that only makes use of algebra and
combinatorics appears possible; in other words, the Planck units suggest that a unified description of
nature with a minimal amount of mathematics is possible. These four consequences are realized by
the strand description of nature.

A separate development which can be seen as supporting the strand conjecture is the growing
interest in qubits. The final goal of the research field is to deduce ‘it from qubit’, an appealing phrase
coined by Zizzi [18]. This goal rephrases the ideas of Weizsäcker on building nature from fundamental
SU(2) ‘Ur’ alternatives [19], combines it with Wheeler’s vision of getting ‘it from bit’ [20], and
includes the ideas of Penrose, Sorkin, Smolin and Rovelli. It turns out that extended constituents
such as strands provide a simple and visual implementation of qubits, including networks of qubits on
surfaces and horizons. The strand conjecture can thus be seen as a conjecture about describing all of
nature with the help of a specific model of qubits.

Several other research directions that add subspaces at every point in space are loosely related
to the strand conjecture. Penrose’s twistor research programme [21] is one example. Connes’ non-
commutative geometry [22] is another. A short exploration of the relations is found below, in Sec-
tion 32.

3 Deducing the standard model from strands: can particles be tethered objects?

Dirac’s demonstration of spin 1/2 begs a question: could quantum particles actually be tethered ob-
jects? This counter-intuitive question was the starting shot for an intellectual adventure. The surprising
answer is: yes, quantum particles can indeed be tethered, if the tethers are unobservable. In fact, this
had been suggested already, independently and much earlier, by Battey-Pratt and Racey [6]. A de-
tailed investigation shows that quantum particles can be tethered objects and reproduce quantum field
theory only if a specific internal structure is assumed.

In the following it will be argued that in flat space, fluctuating strands forming rational tangles,
i.e., unknotted open tangles, yield a model for quantum particles. The complete standard model of
particle physics arises from tangles, without any alternative, as the result of the following argument
chain:

Wave functions and the Dirac equation for a free fermion are deduced from strands.
The principle of least action is derived from strands.
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Figure 2: The belt trick or string trick, as popularized by Dirac, shows that a rotation by 4π

of a tethered particle, such as a belt buckle or a tangle core, is equivalent to no rotation –
when the tethers are allowed to fluctuate and untangle as shown. This equivalence allows the
tethered particle to rotate forever. Untangling is impossible after a rotation by 2π only. The
trick illustrates spin 1/2 – if one assumes that tethers are not observable, but crossing switches
are. The belt trick works for any number of tethers or belts.
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Strand conjecture

The fundamental, Planck-scale principle of the strand conjecture

Observation:

A fundamental 
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t t+Δt
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√
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Figure 3: The fundamental principle of the strand conjecture concerns the simplest observa-
tion possible in nature: an event. Events are almost point-like and result from a skew strand
crossing switch at a given position in three-dimensional space. The strands themselves are not
observable, are impenetrable, and are best imagined as having Planck size radius. The observ-
able crossing switch defines the action unit �. The Planck length and the Planck time arise,
respectively, from the smallest and from the fastest crossing switch possible. If desired, the
crossing (switch) can be seen as the strand realization of a qubit. The crossing switch appears
to imply the standard model, as explained in the text.

The observed Lie groups are derived from strands.
The spectrum of bosons is derived from strands.
The Lagrangians for the gauge fields are deduced from strands.
The Lagrangians for the gauge interactions are deduced from strands.
The Lagrangian for Higgs boson exchange is deduced from strands.
The spectrum of fermions is deduced from strands.
Particle mixing is derived from strands.
Particle masses are deduced from strands.
The quark model is derived from strands.
The coupling constants are derived from strands.
Non-perturbative effects are deduced from strands.
The (limited) influences of non-locality and of gravity are derived from strands.
All Feynman diagrams are deduced from strands.
The full Lagrangian of the standard model is deduced from strands.
The completeness of the strand description of the standard model is confirmed.

Each step is detailed in the following. Predictions are derived and tests are formulated.
Using known results from the research literature, almost the whole deduction of the standard model

can be performed with the help of tangle diagrams only. Surprisingly, this means that the entire
standard model can be deduced by drawing lines on paper.
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4 The strand conjecture and its fundamental principle

The strand conjecture, deduced directly from the string trick, states that

� Everything in nature – matter, radiation, space, and horizons – appears to be made of
strands that fluctuate at the Planck scale.

The string conjecture is thus a monistic model of nature. More precisely, the strand conjecture can be
formulated in the following way:

� Space is a network of strands. Horizons are weaves of strands. Particles are tangles of
strands. Though strands are unobservable, crossing switches are observable. Crossing
switches define the Planck units. The definition is illustrated in Figure 3.

Apart from their crossing switches, strands have no observable properties. Crossing switches define
�, c, G and k from Figure 3 with the help of

W ≥ � , Δl ≥
√

4G�/c3 , Δt ≥
√

4G�/c5 , S ≥ k ln 2 , (1)

in which the central two expressions are due to the smallest and the fastest crossing switch possi-
ble. They differ by a factor c and define the smallest observable length and time intervals. Crossing
switches thus introduce Planck’s quantum of action �, the speed of light c and the gravitational con-
stant G, as demanded long ago by Bronstein [23, 24].

It is easiest to imagine strands as having Planck-size radius, in order to visualize the minimum
length. Strands are indivisible. They do not have any substructure: strands cannot be cut or divided.
Strands differ from everyday ropes: strands are not made of anything else. Strands cannot interpen-
etrate and thus never form an actual crossing. When the term crossing is used in the present context,
only the two-dimensional projection shows a crossing. In three dimensions, strands are always at a
distance, as illustrated in Figure 3 and Figure 4. In particular, crossing switches cannot arise via strand
interpenetration, but only via strand deformation. (The disappearance or appearance of a crossing is
half a crossing switch, and thus can be observed.)

In the strand conjecture, all physical observables – action, momentum, energy, mass, velocity,
length, surface, volume, tension, entropy, field intensities, quantum numbers, etc. – arise from com-
binations of crossing switches. All physical observables are thus emergent from the Planck scale and
from the Planck limits. In simple words, all observables are due to counting crossing switches. For ex-
ample, action counts the total number of crossing switches in a process and energy counts the number
of crossing switches per time in a system.

The fundamental strand principle illustrated in Figure 3 can also be seen as visualizing the two
possible states of a qubit. In this view, the strand conjecture describes nature with qubits; every
observable – every ‘it’ – arises from qubits.

The strand conjecture allows deducing three-dimensional space, black hole entropy, black hole
evaporation, spatial curvature, as well as full general relativity, including the field equations, from
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Figure 4: The geometry of a (skew) strand crossing suggests a relation to wave functions.
In both cases, the absolute phase around the (spin) orientation axis can be chosen freely,
whereas phase differences due to rotations around the (spin) orientation axis are always de-
fined uniquely.

woven strands fluctuating at the Planck scale. The gravitational aspects, including the emergence of
continuous three-dimensional space from a strand network, have been explored elsewhere [11] and are
not discussed in the following. Nevertheless, two aspects are worth mentioning in the present context.
First, in the case of flat space, fluctuating strands imply three dimensions and Poincaré symmetry.
Secondly, cosmology arises from the full strand conjecture, which states that nature consists of a
single strand that connects all particles to the cosmological horizon. The consequences of strand
cosmology and the ensuing tests will be explored in a forthcoming paper.

5 From strands to wave functions and free fermion motion

Once crossing switches are taken as the basis of the description of nature, one notes that a skew strand
crossing allows defining the same observables that characterize a wave function. This relation is
illustrated in Figure 4. Every skew strand crossing allows defining density, position, spin orientation,
and phase. These are also the properties of wave functions. The equivalence goes further: as argued
in section 17, the freedom in the definition of the phase of crossings turns out to be at the origin of the
freedom of gauge choice.

In the strand conjecture, elementary fermions are fluctuating rational tangles, i.e., tangles that are
unknotted. For a given rational tangle, the average crossing distribution yields the wave function – and
thus yields quantum theory. The lack of knotting allows both particle transmutation and pair creation
– and thus yields quantum field theory.

As will become clear below, a general tangle will diffuse, rotate and propagate: the crossing
distribution spreads out over time and the tangle core rotates. The rotation is best visualized and
experienced in animations; Figure 8 gives an idea. And a rotating tangle moves: its centre will change
position, as illustrated in Figure 6. The connection between rotation and motion implies the Dirac
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Figure 5: In the strand conjecture, the wave function and the probability density are due,
respectively, to crossings and to crossing switches at the Planck scale. The wave function,
including its phase, arises as time average of all crossings in fluctuating tangled strands. A
Hilbert space also arises. The probability density arises as time average of the crossing switches
in a tangle. The tethers – connections that continue up to large spatial distances – generate spin
1/2 behaviour under rotations and fermion behaviour under particle exchange. The tangle
model ensures that fermions are massive and move slower than light. The quantum phase
arises as sum of all crossing phases. The assignment between specific tangle cores and specific
particles is given later on.

equation; these relations are made clear in the following.
The position of a particle is the time average of its tangle crossing positions. The local value ψ(x)

of the wave function of the particle is the time average of the local inverse crossing distances. The
local spin orientation of the wave function of the particle is (the time average of) the local orientation
of crossings. The local phase of the wave function of the particle is (the time average of) the local
phase of crossings.

The result of the averaging is illustrated in Figure 5. For a complete tangle of strands, the den-
sity, the phase, and the two (spin) orientation angles of each crossing define, after composition and
averaging, the two complex components of the Dirac wave function ψ for the particle. For the mirror
tangle – the antiparticle – the two complex components of the antiparticle wave function arise. More
precisely, the particle tangle can be used to define the usual 4-component spinor ψ(x):

� At a position x, the first two components of the spinor ψ(x) describe the local average of
orientation and phase of the tangle.

� The other two components of the spinor ψ(x) describe the local average of orientation and
phase of the mirror tangle.

For well-behaved wave functions, the position of the centre of the tangle core yields the maximum of
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Figure 6: The belt trick for a moving fermion. Its core moves like a corkscrew through the
vacuum. If the full shape of the tangle core is screw-like – which it always is – the tangle core
moves somewhat during the belt trick, in fact already between the first two steps shown. If the
tethers form a V-shape, the rotation and displacement continues, because the probability for
rotating in one direction – away from the V-shape – is slightly larger than in the other. The
phase arrow traces a helix. The resulting connection between core rotation and core translation
forms the basis for the evolution of a free wave function. Given that tethers are not observable,
the fermion propagator of Figure 1 arises.
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Figure 7: When two tethered particles – the two square blocks at the centre of the pictures –
are interchanged twice (top left), all tethers can be untangled. Untangling is impossible after
a single interchange only. This untangling trick illustrates fermion statistics – if one assumes
that tethers are not observable, but crossing switches are. The untangling trick works for any
number of tethers or belts. The images are from an animation by Antonio Martos found at
reference [25].

the probability density ψ(x)ψ(x). In case of a moving particle, the tangle core moves and rotates.
As Dirac demonstrated in his lectures [5] using a system equivalent to that of Figure 2, a tethered

core behaves like a spin 1/2 particle under rotation. (When a tangle is imagined as made of ropes, the
tangle core is defined as the region containing curved strands after the tethers have been pulled tight.)
Tethered cores also behave as fermions under exchange, because a double exchange of tethered cores
can be undone by rearranging the tethers only; in contrast, this is impossible after a single exchange.
This process is shown in Figure 7. Both properties of tethered cores in three-dimensional space are
best visualized in computer animations, such as those by Martos [25] or by Hise [26].

In short, tethered tangle cores follow the spin-statistics theorem for fermions. This conclusion
applies independently of the number of tethers a fermion has (as long as the number of tethers is
larger than 2). Given that tethered particles reproduce spin (rotation) and particle exchange (a double
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Figure 8: A simple way to visualize particle rotation when the particle is tethered is the ani-
mation by Jason Hise found at reference [26]. The rotating central cube symbolizes the tangle
core. Tethered rotation is possible for any number of tethers.

translation), the suspicion arises that every quantum motion can be described with tethers.
Indeed, Battey-Pratt and Racey showed [6] that every tethered massive quantum particle – a tangle

core in the case of the strand conjecture – is described by the Dirac equation for free particles. They
even wrote to Dirac, but, sadly, he passed away shortly afterwards.

In the strand conjecture, a moving and free quantum particle is described by a moving and con-
stantly rotating tangle core. In the language of Feynman [27], particles are advancing rotating arrows.
The arrow is the phase of the tangle. In the language of wave functions: when the region of maximum
density advances, the phase rotates. In the language of Hestenes’ geometric algebra [28, 29, 30]:
free fermions are described by a helical motion. The helical motion was called Zitterbewegung by
Schrödinger.
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Figure 9: Overall tether shape differs at different particle velocities.

In nature, the faster the particle tangle rotates and advances, the more its spin is aligned with its
momentum. In the strand conjecture, this also occurs, as the tethers for a fast particle reduce the range
of possible directions for the spin axis. This is illustrated in Figure 6 and Figure 9. Even at the highest
rotation frequency possible (the corrected Planck frequency), the translational motion of a tangle is
smaller than the speed of light c. The requirement is required by relativity. Lorentz covariance is
ensured. The relation between rotational and translational motion defines and describes the inertial
mass of the particle. And the tangle model of particles allows determining the inertial mass value.

One aspect of particle motion deserves a special note. It might seem counter-intuitive that a teth-
ered particle can propagate through the vacuum, if the vacuum itself is made of strands that hinder
free motion. In the strand conjecture, particle propagation can occur in two ways. First, the tangle
core can move across empty space. Secondly, a tangle can, when it encounters a vacuum strand, shed
one of its own strands, leave it behind, and integrate the encountered vacuum strand into the tangle.
This process is possible only for rational tangles. The process is a further reason, apart from particle
transmutation, that restricts particle tangles to rational tangles.
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Strand fluctuations have an additional effect: the tangle widens over time. In short, wave functions
diffuse over time, because strand fluctuations push the tangle apart. The effect is well-known. Strands
imply that the diffusion is faster for simpler tangle cores – i.e., for light particles – than for complex
tangle cores – i.e., for more massive particles. This is observed.

The tangle model of fermions thus qualitatively reproduces all aspects of wave functions.

6 The Dirac equation from strands

The Dirac equation can be derived from tangles in several ways.
Derivation I. The derivation by Battey-Pratt and Racey can be summarized with help of the fun-

damental principle in the following concise manner. The Dirac equation arises because crossings
switches are defined so as to obey v ≤ c and W ≥ �. In addition, crossing switches naturally define
four components for spin 1/2 wave functions: spin up and spin down, both for particles and antipar-
ticles; antiparticles are defined as mirror tangles of particles. As a result of these correspondences,
the Dirac equation holds. In fact, the fundamental principle allows reformulating the result [6] of
Battey-Pratt and Racey:

� The free Dirac equation is the differential version of Dirac’s string trick, or belt trick.

Equivalently,

� The belt trick defines the γμ matrices and their Clifford algebra.
� The first two components of each γμ matrix describe the effect of the belt trick on the

tangle core, i.e., on the particle.
� The last two components of each γμ matrices describe the effect of the belt trick on the

mirror core, i.e., on the antiparticle.

All rational tangles – assigned below to each elementary particle – allow transformation of particles
into antiparticles by moving certain tethers with respect to others. This transformation defines charge
conjugation C. The mapping between charge conjugation C and and a boundary operation is only
possible with rational tangles.

Derivation II. An equivalent way to understand the appearance of the free Dirac equation from
strands is the following. In conventional quantum theory, the free Dirac equation

i�γμ∂μψ = mcψ (2)

arises from five basic ingredients:

1. The action limit given by �: it yields the wave function ψ.

2. The energy speed limit for massive particles given by c: it yields Lorentz transformations and
invariance.

3. The spin 1/2 properties in Minkowski space-time and

4. Particle–antiparticle symmetry: this and the previous point yield the γμ matrices, as showed long
ago by Fock and Iwanenko [31].
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5. A particle mass value m that connects phase rotation frequency and wavelength: this yields the
imaginary unit i.

These five ingredients are sufficient to yield the free Dirac equation. Various derivations of the Dirac
equation found in the literature confirm these five ingredients. An overview of the possible derivations
is given in the work of Simulik [32, 33, 34]. All five ingredients are reproduced by the tangle model
of fermions.

1. All observables are due to crossing switches. Crossing switches contain a minimum observable
action � (see Figure 3) and lead to the existence of a wave function (see Figure 4 and Figure 5).

2. Tangle cores rotating with the belt trick always advance less than one Planck length per Planck
time, thus move slower than c (see Figure 2).

3. Tethering reproduces the spin 1/2 properties for rotations, boosts and exchanges. In this way,
tethering introduces the γμ matrices (see Figure 2).

4. Rotating tangles angles and mirror tangles rotating in the opposite direction correspond to parti-
cles and antiparticles.

5. Tangle core rotation connects rotation and displacement. The connection generates a finite mass
value m that is much smaller than the Planck mass (see Figure 2), as will be shown in Section
21).

In short, both in nature and in the strand conjecture, the impossibility to observe action values below
� leads to wave functions and probability densities. Both in nature and in the strand conjecture,
the impossibility to observe speed values larger that c implies Lorentz invariance and the relativistic
energy–momentum relation. Both in Dirac’s description and in the strand conjecture, tethering leads
to the γμ matrices and the Dirac equation for a free particle arise.

Derivation III. A third way to deduce the Dirac equation uses the derivation by Lerner [35]. He
deduces the equation from two properties: conservation of spin current and Lorentz covariance.

In the strand conjecture, particle spin is (due to) the rotation of a tangle core. The local value
of the spin current is thus the local flow of core rotation. In the tangle model of spinning particles,
illustrated in Figure 5, spin current is conserved by construction. In addition, in the strand conjecture,
Lorentz covariance follows from the fundamental principle: physical speeds above c do not arise. If
this is assumed not to be convincing enough, the Lorentz covariance of spin, i.e., the proper behaviour
of tethered objects under rotations and boosts, was shown explicitly by Battey-Pratt and Racey [6].
Together, the properties of strands and the arguments of Lerner show that rotating tethered cores imply
the Dirac equation.

Derivation IV. A further way to describe quantum motion uses the principle of least action. The
relation is explored in Section 8.

In summary, the fundamental principle implies that free elementary fermions are described by
rational tangles and obey the Dirac equation. The above description makes the point.

� If strands are assumed to be unobservable but crossing switches are not, the Dirac equation
turns out to be the differential version of Dirac’s belt trick.
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In other words, fluctuating strands visualize how the quantum of action �, with the speed of light c,
leads to the free Dirac equation. Or again: qubits made of strands explain the Dirac equation.

7 Motion in the quantum domain

Tangled strands also shed some light on the interpretation of quantum theory. With strands, various
aspects of quantum mechanics are described in an intuitive way.

In the tangle model, elementary fermions have an effective size of the order of the Compton wave-
length. The effective size explains their wave properties and spin properties. Nevertheless, elemen-
tary fermions are not rigidly rotating objects. At the same time, elementary fermions are effectively
point particles; in scattering processes, only crossing switches play a role. Crossing switches occur
at Planck scale and are thus effectively point-like. The tangle model thus realizes the contradictory
requirements of different effective sizes of quantum particles, as formulated by Barut [36].

In nature, probabilities arise whenever a measurement is trying to detect a change that is near
or smaller than �. For example, randomly arriving single photons are observed whenever the light
intensity is reduced strongly enough. In the same way, random positions of electrons in atoms are
observed whenever one attempts to exceed the uncertainty relation. The description of electromagnetic
waves and of wave functions with the help of fluctuating strands makes these probabilities almost
obvious. Random measurement results occur whenever one attempts to measure observables with a
precision that approaches the fundamental limits of equation (1). The tangle model reproduces these
aspects.

In the strand conjecture, the probabilities due to wave functions result from strand fluctuations.
Both strand fluctuations and observed probabilities are contextual. Therefore, there are no hidden
variables in the strand description of quantum theory. More precisely, there are no non-contextual
hidden variables, as required by the Kochen–Specker theorem [37].

In nature, interference is due to coherent superpositions of wave functions. In the strand conjecture,
the sum of two wave functions is defined as a shape operation on two tangles with the same core
topology. The weighted sum of two states or wave functions is the weighted shape combination of
the two corresponding tangles. Likewise, an expression like ψ† is a geometric transformation of the
tangle describing state ψ: it is the mirror tangle. The bracket between two states < ψ|ϕ >= ψ†ϕ
counts the crossing switches to get from one state to the other. A unitary evolution of a tangle is a
shape deformation; it can be due to a core rotation, a core translation, or an interaction. More details
of how tangles lead to Hilbert spaces were explored in reference [38].

Tangled strands reproduce quantum entanglement. Simply speaking, quantum entanglement is
related to topological strand entanglement. Tangled strands also reproduce decoherence. After deco-
herence, the quantum state is described by an eigen-tangle corresponding to the measured observable.
In other words, quantum measurements yield specific geometric strand configurations. This is also
the reason for unique results in quantum measurements.

In summary, quantum theory can be reproduced completely using strands: probabilities, interfer-
ence, Hilbert spaces, entanglement, decoherence, antiparticles and all other quantum effects appear.
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No addition or modification to quantum theory arises.
As a note, strands also explain why they are not a popular visualization of quantum theory: strands

are counter-intuitive. As a consequence, the work by Battey-Pratt and Racey was ignored.

8 Least action, matter Lagrangians and propagators

In the strand conjecture, a crossing switch corresponds to the quantum of action �. Therefore, physical
action is the number of crossing switches. In the strand conjecture, the principle of least action
becomes the principle of fewest crossing switches.

Derivation IVa. During propagation of a quantum particle, the number of crossing switches in a
free state ψ results from the difference between the crossing switches due to position change and those
due to orientation change of the tangle. This yields:

L = i�cψγμ∂μψ −mc2ψψ , (3)

where ψ = ψ†γ0. This expression is usually called the Lagrangian of a free fermion. In nature, action
is the integral over time of the Lagrangian. Motion minimizes action; with the usual procedure this
yields the Dirac equation.

In nature, systems move by minimizing action. In the strand conjecture, motion occurs in a way
that minimizes crossing switches of the fluctuating strands that make up the system. For any process,
strand fluctuations chose the most efficient way: in a physical system, they minimize the number of
crossing switches. In particular, this minimization is valid for every case of microscopic or quantum
motion. In short, strands imply that the principle of least action results from the fluctuations of strands
and is valid for the domain of quantum theory. As a result, the Dirac equation follows.

Strands thus explain why things move and how they move. The explanation of the least action
principle as the principle of fewest crossing switches might be the most fundamental result of the
strand conjecture. This aspect was called the ‘principle of cosmic laziness’ by Russell [39]. Since
crossing switches are events, it is also possible to state: all systems move in such a way that the
smallest possible number of events arises. Because, in the strand conjecture, events are the simplest
observations, the principle of fewest crossing switches also implies that all systems move in a way
that allows as few observations as possible. This aspect could be called the ‘principle of maximal
shyness’.

Derivation IVb. The validity of the Dirac equation can also be argued using Schwinger’s quantum
action principle [40]. The quantum action principle is usually written with the action operator S as

− i� δ〈out|in〉 = 〈out|δS|in〉 (4)

In the strand conjecture, the left side, without the δ, expresses the number of crossing switches that
have occurred between the |in〉 and |out〉 state. In the strand conjecture, the right side, again without
the δ, expresses the rotations and translations that have occurred between the two states. The respective
variations are equal. This description yields, using the usual methods, the Dirac equation.
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In summary, modern physics states: fermion motion minimizes action. In the strand conjecture,
the corresponding statement is: when a free fermions moves with the help of the belt trick, it mini-
mizes crossing switches. Both the textbook description and the strand conjecture imply the free Dirac
Lagrangian for free fermions (3). The Lagrangian is valid for every free fermion and it implies the
free Dirac equation. As a result, tangles with rotating cores model fermion propagators. Or,

� The usual expression for the Dirac fermion propagator follows from strands.

In Figure 1, strands thus reproduce the horizontal line on the top left. In the tangle model, a fermion
propagator line in a Feynman diagram can be taken to show the motion of the centre of a tangle core
that advances with the belt trick. In the tangle model, all elementary particles are effectively point-
like; more precisely, the most ‘narrow’ propagator line possible results from a moving tangle core that
is tight, and thus has a diameter of a few Planck lengths. Whenever one calls a system or process
‘point-like’ in physics, in the strand conjecture it is of Planck size.

9 Predictions about quantum theory and least action

The fundamental principle of the strand conjecture makes definite predictions about quantum theory.

Pr. 1 The fundamental principle implies that all Planck units are limits to physical observables
in the quantum domain. Strands imply and predict the lack of trans-Planckian effects. In
particular, the limits

W ≥ � , l ≥
√

4G�/c3 , t ≥
√

4G�/c5 , S ≥ k ln 2 ,

F ≤ c4/4G , P ≤ c5/4G , dm/dt ≤ c3/4G , m/l ≤ c2/4G
(5)

will not be exceeded at any experimentally accessible scale. So far, this is observed.
Pr. 2 An observed physical action value below � in a measurement would falsify the strand con-

jecture. Such a value will not be observed. The quantum of action

� = const (6)

is fixed, unique, and invariant over time and space.
Pr. 3 Observing a physical speed value above c in a measurement would falsify the strand conjec-

ture and will not be observed. The speed of light

c = const (7)

is fixed, unique, and invariant over time and space.

Pr. 4 Observing an elementary particle whose energy is larger than the corrected Planck energy√
�c5/4G = 6.1 · 1018 GeV (8)

would directly falsify the strand conjecture and will not be observed. Again, both the gravita-
tional constant G and the corrected Planck energy

√
�c5/4G are fixed, unique, and invariant

over time and space.
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Pr. 5 Strands imply and predict the lack of deviations from quantum theory. Any observed devia-
tion from the free Dirac equation

i�γμ∂μψ = mcψ (9)

would falsify the strand conjecture. This is predicted for all experimentally accessible scales,
for all free elementary fermions. Discovering an energy, a length scale, or a physical system
for which the Dirac equation is not valid, or for which any aspect of quantum theory is not
valid, would falsify the strand conjecture.

Pr. 6 Strands imply and predict the lack of deviations from the principle of least action

δS = 0 . (10)

This is predicted for all experimentally accessible scales, for every example of quantum mo-
tion, of classical motion, and of gravitational motion – also at cosmological distances.

Pr. 7 When quantum effects and gravity must both be taken into account, quantum theory remains
valid. Quantum gravity does not produce any deviation from quantum theory. Discovering a
measurable quantum gravity effect – outside the fixing of elementary particle masses and of
the cosmological constant – would falsify the strand conjecture. The issue is explored further
below, in Section 29 on gravitation.

Pr. 8 The conjecture that elementary particles are fluctuating rational tangles implies that their in-
teractions, their spectrum, their mass, their quantum numbers and all their other properties
are not free, but are fixed to unique values by their tangle structure. In particular, also in-
teractions have a fixed spectrum with fixed properties, including unique and fixed coupling
constants.

The last prediction on the spectrum of particles and forces is the central result of the strand conjecture
in the quantum domain. It is explored in the following.

10 From strands to gauge interactions

In nature, interactions change the quantum phase. This is textbook knowledge, for example in the
book by Feynman [41]. In the strand conjecture, particles are tangles with invisible tethers. The
general tangle of Figure 5, together with the geometry of a crossing illustrated in Figure 4, shows
that the quantum phase depends on the (average) shape of the tangle core. The following connection
arises:

� Interactions are tangle core deformations.

The relation is illustrated in Figure 10. In particular, the deformation of a localized – i.e., massive –
tangle core changes the phase of a particle. The process at the basis of interaction differs from the
process at the basis of propagation: the propagator describes the phase change due to (rigid) rotation
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fermion

photon

Weak interaction is poke transfer
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Figure 10: The three Reidemeister moves, i.e., the three possible deformations of tangle cores,
determine the observed gauge interactions and determine their generator algebras [11]. The
Reidemeister moves rotate the regions enclosed by dotted circles by an angle π. The gauge
groups arise by generalizing these deformations to arbitrary rotation angles. The infinitesimal
generators are determined by the infinitesimal versions of the deformations.
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of the tangle core, accompanied by the belt trick. To complete the distinction, it is useful to recall
the result deduced above: deformations of tethers – in contrast to deformations of cores – correspond
to translations, rotations and boosts. (Also gravity results from tether deformations.) In other words,
tether deformations yield space-time symmetries, whereas core deformations yield gauge symmetries.
One notes that a tangle deformation corresponds to a unitary evolution of the corresponding wave
function.

In nature, external fields change the phase of a particle; and fields are made of bosons. In the strand
conjecture, this yields

� Interaction vertices are core deformations of fermion tangles due to boson absorption or
emission.

In the strand conjecture, boson emission and absorption change the phase of a fermion wave function
by deforming the fermion core.

Already some time ago it was shown that deformations of spatial structures and shapes are de-
scribed by gauge groups. The relation has been explored in the past by Wilczek, Zee and Shapere
[42, 43, 44], but never for tethered shapes. As a result, the possibility of non-Abelian gauge groups
was overlooked.

The relation between deformations and gauge groups becomes even more meaningful when mak-
ing use of a mathematical result from 1926 due to Reidemeister [45]: tangle deformations can be
classified. Reidemeister showed that all deformations of knots, and thus also all deformations of tan-
gle cores, that generate crossing switches are composed of three basic types: twists, pokes and slides.
Together, these deformations are now called the Reidemeister moves. They are illustrated in Figure 10.
The first move acts on a set formed by one strand, the second move acts on a set of two strands, and the
third move acts on a set of three strands. The three Reidemeister moves have an important property
that is not well known [11] and that is illustrated in Figure 10:

� Tangle core deformations by Reidemeister moves imply the gauge groups U(1), broken
SU(2) and SU(3).

The detailed relation between gauge symmetries, tangle deformations, and Reidemeister moves will
be shown next. The relation is most easily deduced for the simplest case.

11 U(1), twists and photons

The first Reidemeister move is the twist. The twist deformation can be generalized to arbitrary angles,
as illustrated in Figure 11. Such arbitrary deformations can be concatenated. The lack of any deforma-
tion is the neutral element. An inverse exists for every deformation. Therefore, because arbitrary twist
deformations fulfil all defining axioms, twists form a continuous group. The twist group also forms
a continuous, one-dimensional, differentiable manifold. Arbitrary twists thus form a Lie group. As
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Twists, or first Reidemeister moves, on tangle cores
or on single strands form a U(1) Lie group:

π

rotation 
axis

2 π

Two twists are the 
same as no twist.

Photons have a continuously rotating strand region that continuously performs twists. 

Observation:          an advancing photon:

Figure 11: Twists form a U(1) Lie group. Moving twists model photons. The basic twist, or
first Reidemeister move, is a local rotation by an angle π of the region enclosed by a dashed
circle. A rotation by 2π is equivalent to no rotation at all, because the tethers can be untangled
with shape fluctuations. U(1) is also the group describing the possible choices for the phase
of a twist; it corresponds to choosing the angle origin around the rotation axis. Twists, i.e.,
photons, in different directions do not influence each other; photons thus do not interact among
each other.

shown in Figure 11, a double twist is equivalent to no twist. As a consequence, the non-trivial topol-
ogy and all properties of the circle group U(1)=T= S1 arise. In other words, twists are isomorphic to
the unit complex numbers.

It comes natural to deduce that a continuously rotating twist describes a photon. The wavelength of
the photon is given by the size of the twist. The energy of the photon is given by the rotation frequency
of the twist. Real photons have tethers going to the border of space, whereas virtual photons have
tethers that end at some fermion core. A propagating photon moves through vacuum (and the strand
fluctuations it contains) similarly to a corkscrew. Figure 11 gives an impression.

Electric fields are volume densities of virtual photons, i.e., of virtual twists. Electric fields arise
at charges. Charges are due to topologically chiral tangles. Therefore there are two types of electric
charges; they are related by mirror symmetry and thus are best called positive and negative. Electric
charge is defined below, in Section 14, as 1/3 of the sum of topologically chiral crossings. Magnetic
fields are flow densities of twists.

Electric charge arises only in localized tangles, i.e., only in massive particles. As a first result,
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Figure 12: Continuously rotating twists model photons. Photons, or twists, affect cores and
lead to a U(1) gauge freedom. Topologically chiral tangle cores are electrically charged and
lead to Coulomb’s law.
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Twists can transfer or "hop" between strands

Figure 13: Twists, and thus photons, are bosons: a particle exchange can fluctuate back to the
original configuration by twist transfer.

electric charges all move slower than c. Electric charge arises only in topologically chiral tangles.
The relation between chirality and charge implies a further result: electric charge is conserved in in-
teractions. Finally, every electric charge is surrounded by virtual photons. Therefore, the interaction
between electric charges decreases as 1/r2; as a third result, charges obey Coulomb’s law. From these
three properties of electric charge, Maxwell’s equations and the Lorentz equation follow unambigu-
ously, by mathematical theorems, as shown by Heras [46] and Burns [47]. As a consequence of these
theorems, twists yield the free electromagnetic field term of the standard model Lagrangian

L = − 1

4μ0
FμνFμν −AμJ

μ . (11)

In summary, in the strand conjecture, the electromagnetic interaction is due to twist transfers. This
connection can be explained in the following way. A twist transfer to a core – as illustrated on the
top of both Figure 10 and Figure 12 – occurs because an approaching twisted loop will influence the
fluctuations of the core. Due to strand impenetrability, this will lead to an effective transfer of the twist
to the fermion core. The twist transfer changes the phase of the fermion. Twist transfer yields a phase
change proportional to photon number. In addition, there is a U(1) freedom to define phase. All this
together yields the Lorentz equation and minimal coupling. This is the strand description of quantum
electromagnetism, and is – apart from the use of strands – identical to the textbook description [41].

In the strand conjecture, twists that rotate and advance represent photons. Twists have no mass and
have spin 1. Twists are bosons, as shown in Figure 13, and thus follow the spin-statistics theorem. In
summary, the strand description of quantum electrodynamics yields the following conclusions:

Pr. 9 The photon is elementary and massless, because it is made of just one strand and because it
has no tangled core:

mγ = 0 . (12)

Photons therefore move with the limit speed c, always, at all energies. (The limitations to this
statement introduced by quantum field theory remain valid.) This is observed.
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Pr. 10 Because of its lack of a tangled core, the photon has no charge of any kind. Also, the photon
does not couple to itself. For example, there is no triple or quadruple photon vertex – in con-
trast to the case of gluons. Strands predict that these properties hold exactly, at all energies.
This is observed.

Pr. 11 The photon has spin 1, as it returns to itself after a rotation of 2π of its core. Being massless,
the photon has two helicity values. Both properties hold at all energies. This is observed.

Pr. 12 The photon is a boson, because its twist can transfer from one strand to another, as illustrated
in Figure 11. This applies to all situations and all energies – and is observed.

Pr. 13 The photon has negative P and C parity, as its mirror differs dynamically from the original.
This is predicted for all energies – as is observed.

Pr. 14 The lifetime of a free photon is ‘infinite’, i.e., larger than any measurable number. This is
observed.

Pr. 15 There are no magnetic monopoles or dyons in nature. Such structures cannot arise from
strands. This prediction arises for all energies. So far, it agrees with data.

Pr. 16 Due to the fundamental principle, electric fields are limited by

E ≤ c4/4Ge = 1.9 · 1062 V/m (13)

and magnetic fields by
B ≤ c3/4Ge = 6.3 · 1053 T (14)

(The limit increases if e/3 is inserted as minimal electric charge.) Indeed, all microscopic,
macroscopic and astrophysical observations of electromagnetic fields observed so far are at
least 38 orders of magnitude below these limits [48].

In short, twists reproduce the quantum theory of light, with no deviations, at all energy values. The
photon propagator in Figure 1 is reproduced.

12 The basic process of quantum electrodynamics

In the strand conjecture, electromagnetism is due to the first Reidemeister move, i.e., to the addition
or removal of a twist to or from a fermion tangle. In fact, this statement can be amended to the more
catchy equivalent:

� The electromagnetic interaction is the – partial or complete – switch of a skew strand
crossing in a charged tangle core by the absorption or emission of a photon (twist). In
short, electromagnetism is twist transfer.

The highlighted definition of electromagnetism thus encompasses the Reidemeister formulation.
The precise strand process at the basis of quantum electrodynamics (QED) is illustrated in Fig-

ure 14. In this process, an approaching photon transfers its twist to a crossing that is part of a tangle
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Figure 14: The geometric details of the basic process of quantum electrodynamics (QED).
Top: the absorption of a photon by a tangle region carrying the charge e/3, viewed along the
shortest distance of the crossing. Centre: the corresponding observation at usual experimental
scales. Bottom: the basic Feynman diagram of QED. In short, twist transfer generates minimal
coupling.
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core. The photon deforms the tangle crossing and thereby loses its own twist, becoming a vacuum
strand. As a consequence, the photon disappears, i.e., it is absorbed, and at the same time the quantum
phase of the tangle core changes due to the crossing switch induced in the particle tangle. In short, the
absorption of a photon changes the phase of a charged particle tangle.

Pr. 17 The tangle model of QED illustrates how a particle can have a spread-out wave function and
still behave as (almost) point-like entity in interactions: the wave function is due to the tangle
fluctuations of the complete tangle, which can be spread out in space, whereas the interaction
occurs at a single crossing, which is (almost) point-like (within a Planck length) [36]. Strands
predict QED to be local at all measurable energies.

Pr. 18 The Lagrangian of QED is valid exactly, at all scales. All electromagnetic decays, all elec-
tromagnetic scattering processes, and all electromagnetic interactions are described by QED.
Strands do not predict deviations from QED, neither at low nor at high energy.

So far, all microscopic, macroscopic and astrophysical observations confirmed the predictions.
The average change of phase induced by a photon in a tangle core of unit charge determines the

square root of the fine structure constant. The fine structure constant itself is due to the combination of
photon emission and photon absorption between two particles of unit charge. This details are explored
below, in Sections 23 and 24.

Falsifying the proposed strand mechanism of QED is not easy. Falsifying it appears to require
falsifying QED itself, or falsifying the invariance of the fine structure constant. The probability for
such a falsification appears remote for an additional reason.

13 Electromagnetism and measurements

Besides the explanation of electric charge and Maxwell’s equations, the conjectured strand mechanism
for the basic QED process has an additional aspect: it explains the fundamental principle of the strand
conjecture.

In nature, every observation process and every observation device – from the measure of length,
time and mass to the measure of any other physical observable – always makes use of electromagnetic
fields. While the use of electromagnetism is often hidden or neglected – for example when moving
a pointer on a scale or when measuring gravitational energy states in cold neutron beams – electro-
magnetism is essential in every measurement. The importance of electromagnetism applies in four
ways. First, the interaction of the system to be measured with the measurement apparatus or detector
is always electromagnetic. Second, the bath inside every measurement apparatus – essential for its
recording of the measurement value and thus for the classical properties of the apparatus – is always
triggered electromagnetically. Third, the standard used in every measurement – such as the metre
stick, or the weight unit in a scale, or any SI unit – is always an electromagnetic system. Fourth, the
comparison with the standard – part of every measurement – always uses electromagnetism. All this
holds also for measurements of gravity and for measurements of nuclear reactions. Without electro-
magnetism, measurements and observations are impossible.
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Pr. 19 No non-electromagnetic measurements will ever be performed. No non-electromagnetic de-
tector will ever be built or used. The coupling to the bath inside the measurement apparatus,
essential in every measurement, will always be electromagnetic. No measurement standard
will ever be defined without the help of electromagnetism. The comparison with a stan-
dard, essential in every measurement, will always be performed with the help of electromag-
netism. Performing a single non-electromagnetic comparison or measurement would falsify
the strand conjecture.

Pr. 20 No modifications of the strand conjecture will be achieved. Modifying the strand conjec-
ture while at the same time retaining the close connection between electromagnetism and
measurements would falsify it.

In the strand conjecture, the basic QED process illustrated in Figure 14 shows that crossing switches
are observable precisely because they couple to electromagnetic fields. Strands thus reproduce the
close connection between measurement and electromagnetism. Strands therefore explain the funda-
mental principle. The close connection between the fundamental principle and quantum electrody-
namics – which became clear only years after the fundamental principle was formulated – makes the
strand conjecture self-consistent at a deep level.

14 Predictions about electric charge and dipole moments

In nature, a quantum particle is electrically charged if it changes phase in a preferred direction when
absorbing random photons.

In the strand conjecture, the tangle core of a neutral particle is topologically achiral, i.e., it is
equal to its mirror image in the minimal crossing projection. As a result, a neutral particle has no
preferred phase change when hit by random photons. In contrast, an electrically charged particle has
a topologically chiral tangle core. Such a core differs from its mirror image in the minimal projection.
(It needs to be stressed that topological chirality differs from geometric chirality. Photon and neutrino
tangles are geometrically chiral, but not topologically chiral.) A topologically chiral tangle core has
a preferred rotation direction when it absorbs random photons: it is electrically charged. As a result,
electric charge has two signs, is quantized, is conserved, emits virtual photons, and only arises in
particles with mass. Charges, defined with chiral tangles, are conserved, move slower than light, and
imply massless photons. As a result, Coulomb’s law and Maxwell’s equations arise automatically
[46, 47], as shown in Section 11. All this agrees with observations.

Pr. 21 In the strand conjecture, electric charge is a topological property of tangle cores of particles.
Each crossing in the minimal projection of a particle tangle leads to an electric charge +e/3

or −e/3, depending on the sign of the crossing. This assignment leads to the observed charge
of all elementary particles.

Therefore, strands imply that electric charge q is quantized as

q = n e/3 , (15)
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with n an integer. Strands imply that particles with charges other than integer multiples of
the unit charge e/3, such as particles with charge e/2 or millicharged particles, will not be
observed. So far, this agrees with all observations.

Pr. 22 Because in the strand conjecture, electric charge is a topological property, it is conserved in
interactions. ∑

i

qi = const . (16)

Figure 31 and Figure 32 show that this is valid for every interaction vertex of the standard
model. So far, this prediction agrees with all observations.

Pr. 23 Because in the strand conjecture, electric charge is a topological property of cores, every
particle with electric charge has non-vanishing mass and moves slower than light:

v < c . (17)

So far, this agrees with all observations.

Pr. 24 The photon absorption process illustrated in Figure 14 implies and predicts that, inside charged
elementary particles, the charge ‘units’ e/3 or −e/3 are, on average, at distances of the order
of the Planck length. In the tangle model, the W, all leptons, the first quark generation, the
photon and the gluons have charge units of the same sign – or none at all. This implies that
their intrinsic electric dipole moment is predicted to vanish:

d = 0 . (18)

For the Z and the other quarks, the intrinsic electric dipole moment d is at most of the order
the Planck length times the charge unit e, thus

d � e 4 lPl ≈ 0.6 · 10−34 em . (19)

These intrinsic dipole values – either zero or negligibly small – are valid even if the boson
and fermion tangles of Figure 19 and Figure 20 turn out not to be correct. In the strand con-
jecture, additional electric dipole moments arise for elementary particles. Because charges
of opposite sign arise perturbatively, i.e., through strand fluctuations, this occurs in the same
way as in the standard model. Strands thus predict the same electric dipole moment values as
the standard model, where the effective electric dipole moment arises only for higher order
operators. The values predicted by the standard model and by the tangle model are much
smaller than those predicted by other unification attempts.

The dipole values predicted by the standard model and by the tangle model are, depending on
the particle, several or even many orders of magnitude smaller than the experimental limit.
The best experimental limit [49] is for the electron: de < 1.1 ·10−31 em. Future experiments
should allow lower limits and better tests.
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Pr. 25 In contrast, the tangle model implies that the magnetic dipole moment of charged elementary
particles is not zero, because the charges effectively orbit around the spin axis. Both the
normal and the anomalous magnetic dipole moment arise in the tangle model. Both are
described by the g-factor.

The g-factor is defined as
g

2
=

μ/e

S/m
, (20)

using the magnetic (dipole) moment μ, the electric charge e, the spin S and the mass m. In
the tangle model, spin is due to the rigid rotation of the tangle core. Strands imply that spin
is related to the rotation of the mass, and that the magnetic moment is related to the rotation
of the charge.

To lowest order (to order α0), the charge of the tethered core rotates rigidly, and the rotation
of the tangle charge of the tangle mass are simply related. The mass value of a particle is due
to the motion of the tethers. The motion of the tethers occurs with half the frequency of the
core. As a result of the tethering, at first order, strands predict

g

2
= 1 , (21)

at tree level, for all charged elementary particles, independently of spin, and thus including
the W boson. This normal magnetic dipole moment is indeed observed [50].

Pr. 26 Exploring the rotation of charged particles with higher precision, one observes that charge
does not rotate rigidly: the two rotations differ, and the ratio g/2, the ratio between these
two rotation frequencies, differs from 1. For the electron, the anomalous magnetic moment
g/2− 1 has been measured to a precision better than 10−9 by Hanneke et al. [51]. Using the
standard model, g/2 − 1 has been calculated exactly up to order α5 by Aoyama et al. [52].
Measurements and calculations agree for the electron and for all other particles. (The muon
is discussed in more detail in Section 15.) In the language of quantum electrodynamics, g/2
differs from 1 when a virtual photon is emitted and reabsorbed by the particle.

The tangle model suggests that for rotating charges, the deformations of strand segments
inside the core must be taken into account. In the language of strands, a deformation of the
rotating charge occurs when one twist, i.e., one virtual photon, is emitted and reabsorbed.
This twist emission and reabsorption leads to a phase change of the charge. Due to this
deformation, when a tangle core rotates due to the belt trick, an effective, additional, small
electrical rotation occurs. Like in quantum electrodynamics, the importance of the effect is
described by the electromagnetic coupling. The definition of the fine structure implies, to
order α1, that one virtual photon induces an additional phase jump angle given by the fine
structure constant α. Translated to the rotation situation, strands imply that g/2 is larger
than 1 by the ratio between α and the full rotation angle 2π. Strands thus imply Schwinger’s
formula

g

2
= 1 +

α

2π
. (22)
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Slides, or third Reidemeister moves, on tangle cores
or on strands form a SU(3) Lie group. 
Here is one of its three SU(2) subgroups:

Figure 15: Slides form a SU(3) Lie group. The basic slide, or third Reidemeister move, is
a local rotation by an angle π of the region enclosed by a dashed circle. Only three gluons
are shown. The other gluons follow by rotation by 120◦, as illustrated in Figure 19; equiva-
lently,they arise when the dotted circle is attached to the other two strands. The three gluons
shown here form one of the three independent SU(2) subgroups of SU(3). Slides, i.e., gluons,
thus interact among each other.

Strands also predict that it is possible to determine the expression for the g-factor to order
α2 and higher. The higher-order terms arise when two or more virtual photons are taken
into account. The calculation requires to take into account in particular the situation that the
virtual photons, i.e., the twists, can also tangle around each other. The calculation of g/2 at
higher order thus requires to make use of a combination tangle topology and tangle shapes.
Several hints in the literature suggest that strands do yield the correct calculation. Some
time ago, Broadhurst and Kreimer showed a connection between topology and the g-factor
[53, 54]. They argued that specific knots imply the appearance of specific zeta values as
pre-factors in the expression for the g-factor at higher orders. For example, they showed that
the coefficient ζ(3) =

∑
1/n3, which appears at order α2, is due to a specific topological

configuration. The same configuration arises in the tangle model. They also generalized the
argument to order α3, where ζ(5) arises as pre-factor. Again, the corresponding topological
configuration arises in strands.

In short, the tangle model suggests that the perturbative expression for the g-factor is due to
the effects of tangle topology on the multiple integrals that appear in the calculation. Discov-
ering a contradiction between the tangle model and the g-factor expansion, or between the
tangle model and measurements, would falsify the strand conjecture.
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Large numbers of random slides 
affect only tetrahedral tangles,
i.e., quarks:

Tetrahedral tangles are 
affected, i.e., they have
colour charge.

Non-tetrahedral 
tangles are not
affected, i.e., they 
are 'white', or colour 
singlets.

Gluons have a rotating strand region continuously
performing slides via localized rotations.
The gluon tangle implies m=0, S=1, and P=–1.

The slide move applied 
to an interacting matter tangle:

The slide move, or third Reidemeister
move, yields a model for the gluon
and its motion:

Exchange of numerous slides by
tetrahedral tangles, i.e., quarks, leads to 
confinement:

fermion with 
different phase

slide
transfer

fermion

gluon
with rotating
strand

vacuum:
no rotation
any more.

slide
transfer

Slides interact among each other.

Figure 16: Continuously rotating slides model gluons. Gluons, or slides, affect cores. Gluons,
or slides, yield a SU(3) gauge freedom. Only cores with tetrahedral tethers (i.e., quarks) have
strong charge; they lead to confinement.

15 SU(3), slides and gluons

The third Reidemeister move is the slide. Slides acting on tangle cores can be seen as local rotations
of cores by π. Such deformations can be generalized to arbitrary angles or phases, as illustrated in
Figure 15. SU(3) arises because slides, i.e., third Reidemeister moves, reproduce the algebra of the
eight generators of SU(3): the sum of two infinitesimal slides is either a third infinitesimal slide or
the sum of two other infinitesimal slides. Infinitesimal slides behave like the generators of the SU(3)
algebra. This is the main result of the previous paper [11]. Figure 15 and Figure 19 illustrate the
result. In short, the set of all slides forms an SU(3) Lie group. Slides behave as gluons.

32



Color charge is determined by the orientation of the three-ended side of a quark tangle in space.
Color fields are densities of virtual gluons. Colour charge is conserved. Together with the SU(3)
structure, the free gluon Lagrangian follows:

L = −1

4
F a
μνF

μν
a . (23)

The Lie group SU(3) is not isomorphic to the unit octonions, but to a subgroup of the unit octonions;
the subgroup arises if, additionally, one imaginary basis unit octonion is preserved. Octonions can be
used to describe the strong interaction.

Like in the case of photons, also slide transfers on a quark lead to ‘minimal’ coupling. As a result,
the full interacting SU(3) Lagrangian follows.

L = ψ (iγμDμ −m)ψ − 1

4
F a
μνF

μν
a , (24)

As usual, ψ are the quark terms and the defining expression for Dμ contains minimal coupling. The
Lagrangian follows in the same way as the U(1) Lagrangian – see Section 11 above – i.e., by com-
bining charge conservation, maximal speed c, SU(3) symmetry, colour field definition and the quark
spectrum. Modelling the strong interaction as slide transfer allows several predictions.

Pr. 27 Gluons are massless, in all situations. This prediction results because their tangles are not
localized; their tangles can be pulled straight or almost straight. Data agrees.

Pr. 28 In all situations, gluons are bosons, because of the same reason that photons are bosons:
slides can transfer from one strand configuration to another. This agrees with observation.

Pr. 29 Strong fields cannot exceed the maximum force c4/4G. As a result, chromoelectric field
values Ec thus obey:

Ec ≤ c4

4Gqc
, (25)

where qc is the smallest colour charge. So far, no exceptions to this limit field have been
observed.

Pr. 30 Because all particles have tethers, glueballs appear not to exist. If they do after all, they
cannot be mathematical knots, as such structures are forbidden in the strand conjecture. So
far, this agrees with observation.

Pr. 31 Strands imply that in contrast to U(1), the SU(3) group has a mass gap. So far, this is ob-
served.

Pr. 32 In the tangle model, no CP violation occurs in the strong interaction. The strong CP problem
is solved automatically, as an automatic consequence of the slide strand deformations at the
basis of SU(3). No violation will be observed. So far, this agrees with data.

Pr. 33 Quarks are confined. This is a consequence of their two-stranded tangle structure. The tetra-
hedral tether structure does not fit with the three coordinate axes and therefore requires an
extremely high energy. Single quarks will never be observed. So far, this agrees with all
experiments.
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Pokes, or second Reidemeister moves, on tangle cores or on strands form an
SU(2) Lie group, because the three rotations by     reproduce the SU(2) algebra
of the belt trick:

wavelength

Figure 17: Pokes form an SU(2) Lie group. The basic poke, or second Reidemeister move,
is a local rotation by an angle π of the region enclosed by a dashed circle. It corresponds to
the rotation of a belt buckle around one of the three coordinate axes. The three basic pokes
and their products, or concatenations, obey the same algebra as the generators of the SU(2) Lie
algebra. Pokes, i.e., weak vector bosons, thus interact among each other.

Pr. 34 QCD is valid exactly, at all energy and length scales. Strong decays, strong scattering and
strong interactions follow QCD. No additional Feynman vertices arise for gluons. So far, this
agrees with observation.

Pr. 35 The measured anomalous dipole moment of the muon agrees with the calculations from the
standard model. Even though there is a difference of 3.7σ between present measurements
and present calculations [55], strands predict that improved calculations, especially of the
hadronic contributions, together with improved measurements, with make this difference dis-
appear.

In short, the strand conjecture reproduces the gluon propagator and the gluon vertices of Figure 1. The
quark model will be explored in detail below, in Section 22.

16 SU(2), pokes and the weak interaction

The second Reidemeister move is the poke. Pokes can be mapped to the possible rotations of a belt
buckle in the belt trick. The rotations of a belt buckle around the three coordinate axes by the angle
π – the basic pokes illustrated in Figure 17 – yield the generator algebra of SU(2). Indeed, with the
definition of −1 as a local rotation of the buckle region by 2π, the square of each basic poke is −1.
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Large numbers of pokes affect 
only topologically chiral tangles:

The impenetrability of strands 
leads to poke transfer.

Chiral tangles are 
affected, i.e., they are
weakly charged.

Achiral - and thus
also massless - 
tangles are
not affected.

Poke motion implies S=1 and P=–1.

The poke move applied to a
weakly interacting tangle:

The poke move, or second Reidemeister
move, yields a model for the weak bosons
and their motion:

fermion
weak 
boson vacuumfermion

Pokes interact among each other, like
the rotations of a belt buckle, and thus
generate SU(2).

When acting on rotating tangles, pokes
lead to parity violation, because the belt
trick for particle rotation is similar to the
activity of pokes. 

The Higgs boson leads to symmetry 
breaking and to weak boson masses. 

Figure 18: Continuously rotating pokes behave as (unbroken) weak gauge bosons. Poke moves
(deformations) on tangle cores yield an SU(2) gauge symmetry (gauge interaction) and an
SU(2) gauge freedom. Pokes also lead to symmetry breaking and to parity violation.
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The belt buckle realizes the following multiplication table for the three basic pokes:

· τx τy τz

τx −1 iτz −iτy
τy −iτz −1 iτx
τz iτy −iτx −1

(26)

The rotations by π described by three basic pokes thus form the generators of SU(2). The three
rotations around the three axes by arbitrary angles then yield the full SU(2) gauge group. Many
papers have explored this relation, such as hart et al. [56]; they also show the relation to the unit
quaternions. In short, pokes are isomorphic to the SU(2) Lie group and to the unit quaternions.

Pokes on a tangle core behave like rotations of a belt buckle and produce the gauge group SU(2).
In the strand conjecture, the (unbroken) weak interaction is thus described by poke transfer. Poke
transfers yield the Lagrangian for the unbroken SU(2) gauge interaction, in the same way as twist
transfers yield the Lagrangian of the U(1) gauge interaction. In short, strands imply the gauge group
algebra and gauge symmetry of the (unbroken) weak interaction.

(As a note, Figure 17 uses parallel strand pairs to define the three poke moves; it is also possible
to use crossed strand pairs as a starting point.)

Strands imply that only massive fermions can exchange weak bosons. This agrees with experi-
ment. When a massive fermion spins, the core rotates and the belt trick occurs, which untangles the
tethers. Compared to the direction of motion, the rotation and the untangling can be either right-
handed (clockwise) or left-handed (anti-clockwise). In particular, for a massive fermion, rotation and
untangling can occur in the same or in opposite directions. The effect of pokes on a tangle core varies:
random pokes affect a core only if the rotation and untangling occur in the same direction. Poke
transfers thus violate parity; and they do so maximally.

The three basic poke transfers correspond to three massless W gauge bosons before SU(2) symme-
try breaking. Symmetry breaking also occurs, in the following way: being in a plane, the poke config-
urations can get tangled with a vacuum strand. The result are massive gauge bosons. Their simplest
tangles are shown in Figure 19. The massive gauge boson tangles also show that the topologically
achiral (and thus neutral) Z tangle is more complex, and thus more massive, than the topologically
chiral (and thus electrically charged) W tangles.

In short, due to the tangle structure of particles, SU(2) violates parity and is broken. Parity violation
occurs because core rotations related to spin 1/2 ‘interfere’ with core deformations due to the SU(2)
pokes of the weak interactions. SU(2) breaking occurs because of the tangling with vacuum strands.
Together, these two effects yield the full (electro-)weak Lagrangian. The weak interaction is thus
described in all its observed properties. This yields several predictions.

Pr. 36 The description of the weak interaction is exact. All weak particle interactions and all weak
decays are described as in the standard model. No deviations from SU(2) will ever be found.
This applies to all energy scales.

Pr. 37 Strands imply that in the weak interaction, parity is violated maximally, for all energies.
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Pr. 38 Strands imply that all fermions interact weakly. Strands imply that photons, gluons and
gravitons do not interact weakly.

Pr. 39 Strands imply that there is no triple vertex with two Higgs branches and one W or Z branch.
Strands imply that fourfold vertices between the weak vector bosons do arise, and that no
additional boson Feynman diagram will be found.

Pr. 40 Strands imply that the W and Z bosons are massive.

Pr. 41 Because of the W and Z mass, no weakly bound states arise. So far, none have been observed.

Pr. 42 Strands imply that the weak and the electromagnetic interactions mix. Bothe interactions
remain described by two separate coupling constants, at all energies. So far, this is observed.

In short, the strand conjecture reproduces all propagators and vertices involving the weak W and Z
bosons.

17 Predictions about gauge interactions

The relation between interactions and strand deformation implies several predictions and tests.

Pr. 43 Strands predict that the running of particle properties with energy determined from the stan-
dard model via perturbation expansion describes nature exactly. So far, this agrees with data.

Pr. 44 Known conservation laws – momentum conservation, energy conservation, angular momen-
tum conservation, and charge conservation – apply exactly. No violation will ever be ob-
served.

Pr. 45 CPT holds exactly, for all energies. No violation will be observed.

Pr. 46 Only the gauge groups U(1), SU(2) and SU(3) exist in nature, at all energies. This prediction
results from the existence of just three Reidemeister moves.

Pr. 47 Grand unification does not occur. No unified gauge group exists. The gauge interactions
are not unified at any energy. In all experiments, the three gauge interactions remain sepa-
rate. Nvertheless, the three gauge interactions are ‘unified’ in the strand model: Their (only)
commonality is that each gauge interaction is due to the deformation of a single strand.

Pr. 48 No number fields other than the real numbers, complex numbers, quaternions or octonions
play a role in gauge interactions. No other number fields are necessary.

Pr. 49 No fifth force exists. No additional and no larger gauge group will be observed. Equivalently,
no other interaction will be observed, at any energy.

Pr. 50 No additional symmetries exist. In particular, technicolor and supersymmetry do not describe
nature. They will not be observed, at any energy.

Pr. 51 No additional charges or quantum numbers exist. No new conservation laws will be found,
at any energy.

Pr. 52 No new energy scale exists at which new processes or interactions occur. None will be found.
There is a high-energy desert.
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In the strand conjecture, gauge interactions are not unified because they are aspects of the same un-
derlying fundamental interaction. As Kauffman stresses [7], in three dimensions, there is only one
Reidemeister move. Therefore, in the tangle model, gauge interactions are unified because they are
due to the same mechanism, namely strand deformation. Gauge interactions are not unified because
the are part of a larger symmetry.

Because all the listed predictions follow from the fundamental principle of the strand conjecture,
any discovery invalidating any of these predictions would directly and definitely falsify the strand
conjecture. The strand conjecture might well be the first description in the research literature that
allows such predictions, in particular about the gauge interactions.

18 Predictions about elementary bosons

Strands limit the possible types of elementary bosons and lead to a finite boson spectrum [11].
Elementary bosons can be made of one, two or three strands. In the case of four or more strands, a

boson is composite, because it can be decomposed into sums of simpler tangles. Such a decomposition
is not possible for two or three strands; in those cases, taking away one strand changes the number of
linearly independent bosons, as Figure 19 shows.

For one, two or three strands, no additional elementary vector gauge boson appears possible. As
argued above, one-stranded bosons correspond to photons and yield U(1). Two-stranded bosons cor-
respond to the W1, W2 or W3, and yield SU(2). After symmetry breaking, when two-stranded boson
tangles incorporate a vacuum strand, they yield the three-stranded W and the Z boson. Further three-
stranded bosons correspond to the (scalar) Higgs and to (spin 1) gluons, which yield SU(3). The
conjectured boson tangles are given in Figure 19. (The graviton is explored in a separate paper.)

Under particle exchange, all integer spin particles behave as bosons, because their cores can trans-
fer from one strand to another. This makes two bosons indistinguishable already after a single ex-
change – in contrast to fermions.

Photon and gluon tangles are massless, because they can rotate without hindrance. In contrast, the
W and the Z boson have mass, as they need to perform a complex motion involving all three strands
to rotate their core. All gauge bosons have spin 1 because the curved strand(s) in the core can rotate
by 2π and return to the original situation.

Photons, gluons and unbroken weak gauge bosons have two possible helicities, given by the two
possible core rotation directions with respect to their direction of motion. The tangle cores of photons
and gluons have negative parity.

Electric charge counts the number of topologically chiral crossings in the tangle core, divided by
3, as explained in Section 14. The only boson tangles with such crossings are the W+ tangle and its
anti-tangle W−. They have positive and negative unit charge.

In the strand conjecture, quantum numbers are topological properties. Following the relation
between flavour and tangle properties given below, boson tangles have no flavour(s).

The Higgs boson is a braid made of three strands. The Higgs has spin zero: its closed form
corresponds to the Borromean rings, as illustrated in Figure 19, as it can be rotated without limits
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Figure 19: The conjectured tangle models for the elementary bosons. The conjectured gauge
bosons are inspired by the Reidemeister moves. The boson tangles determine their spin values.
Photons and gluons are naturally massless; so are the weak bosons before symmetry breaking.
Apart from the spin-2 graviton (not shown), no additional elementary bosons appear to be
possible.
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in all three directions. The Higgs tangle is achiral, is made of three strands, and has no preferred
directions; the Higgs particle thus has no electric or nuclear charge; it also has vanishing baryon
number, and thus vanishing flavour. Because of its achiral shape and topology, the Higgs has positive
parity. The Higgs is the only possible elementary spin 0 particle. Adding its tangle to another particle
tangle – leading to Yukawa mass terms and illustrated in Figure 32 – leaves the particle quantum
numbers unchanged. All the quantum numbers of the Higgs are the same as those of the vacuum. All
these properties are as expected.

For all massive particles, the mass value is influenced by – single or multiple – Higgs boson
addition to a simplest particle tangle. This process is illustrated in Figure 32. The figure also shows
that the Higgs couples to itself; it thus has non-vanishing mass. This topic will be expanded below,
in Section 21. In the strand conjecture, all massive particles – fermions or bosons – are described by
an infinite ‘family’ of tangles that contain the simplest core, the core plus one Higgs braid, the core
plus two braids, etc. The case of quarks is illustrated in Figure 21. In contrast, massless particles are
described by a single tangle, because no ‘addition’ of a Higgs braid to cores of massless particles is
possible.

Pr. 53 The strand conjecture, with the conjectured boson tangles of Figure 19, implies that all gauge
bosons are elementary. No constituent particles will be found.

Pr. 54 The strand conjecture, with the conjectured boson tangles of Figure 19, implies that no ad-
ditional vector bosons will be found in nature. In particular, no Z′ or W′ will be observed.
Leptoquark or axions will not be observed.

Pr. 55 Due to the three-dimensionality of space, the existence of just three Reidemeister moves, and
the lack of additional gauge bosons, strands imply that no additional gauge interaction will
be observed.

Pr. 56 No boson quantum numbers with values outside the range predicted by strands will be ob-
served. This prediction is due to the finite range of possible interaction symmetries and of
space-time symmetries that are allowed by tangles.

Pr. 57 The Higgs boson is elementary and massive. No constituent particles will be found. Its mass
is perturbatively stable.

Pr. 58 All the Higgs terms in the Lagrangian of the standard model arise from strands. This result
is due to the topology of the Higgs braid and of massive fermion tangles. The Higgs vertices
were explored in detail in reference [11]. The coupling of tangles to braids reproduces the
Yukawa terms of the standard model. No other Higgs vertices apart from those of Figure 1
will be found. In particular, only the W, Z and Higgs can couple to two Higgs bosons, because
only their tangles permit this, as Figure 31 and Figure 32 show.

Pr. 59 No exotic Higgs decays will be observed, among the options discussed by Curtin et al. [57].

Pr. 60 No charged or neutral H′ boson, twin Higgs, little Higgs, or axigluon will be observed. No
elementary, bosonic weakly interacting massive particle (WIMP) will be observed. As a
result, strands imply that dark matter does not contain an unknown elementary boson. (Dark
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matter can still contain known elementary bosons, or composite bosons, such as hexaquarks
[58, 59], or black holes.)

All these predictions agree with data so far [50]. Mixing angles and mass values are determined by
the topology and, above all, by the average shape of a tangle. This connection will be explored below,
in Sections 20 and 21.

19 Predictions about the fermion spectrum

Elementary fermions can only be made of two or three strands. Again, four or more strands imply
compositeness. One-stranded particle tangles cannot have spin 1/2 or mass because the belt trick
does not work for them. (Particles made of one strand automatically have spin 1.) It turns out that
two-stranded fermions are quarks, three-stranded fermions are leptons. Their tangles are given in
Figure 20.

Both quarks and leptons are limited to three generations by the coupling to the Higgs (and the
three-dimensionality of space). Figure 21 shows the way in which the infinite class of quark-like
braids is split into six infinite families, corresponding to the three generations. The quark tangle
assignments appear to reproduce the quark model of hadrons, as shown below, including the correct
retrodiction of which mesons violate CP and of all meson and baryon mass sequences. The neutrino
assignments explain their handedness. No additional elementary fermions appear possible.

Neutrinos are massive. In fact, all fermions appear to be naturally massive in the strand conjecture.
The tangles of the elementary particles also explain their parities (from the mirror behaviour of

their tangles and their core rotation), their spin (from the rotation behaviour of their core), their baryon
number and lepton number (from the number of strands), and their other flavour quantum numbers
(from the quark content). Helicities are not exact quantum numbers for fermions, as expected for
massive particles.

Electric charge is defined as topological chirality of a tangle core; electric charge was explored in
Section 14. Weak and strong charge were also defined above. In brief, in the strand conjecture, all
observed quantum numbers are topological properties of particle tangles.

In summary, tangles lead to the fermion and boson spectrum found in nature. Equivalently, tangles
lead to the kinetic terms for the fermions and the bosons of the standard model Lagrangian, as well
as to the Higgs coupling terms. For the gauge bosons, the appearance of the gauge group structure is
summarized below.

Pr. 61 Leptons and quarks are elementary. No constituent particles will be found. The discovery of
any substructure – other than strands – would falsify the tangle model.

Pr. 62 No additional fermion will be found in nature. In particular, no fourth generation, no heavy
charged lepton, no heavy neutral lepton, no sterile neutrino, no fermionic WIMP, no lepto-
quark, and no supersymmetric particles will be observed. The discovery of any new elemen-
tary particle would falsify the tangle model.
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Figure 20: Elementary fermions are described by rational, i.e., unknotted tangles. These
conjectured tangle assignments limit the number of generations to 3, lead to coupling to the
Higgs, and produce positive mass values. The tethers of the quark tangles follow the axes of
a tetrahedron. The neutrino cores are simpler when seen in three dimensions: they are simply
twisted triples of strands. The tethers of all lepton tangles approach the three coordinate axes
at large distances from the core. No additional elementary fermions appear to be possible.
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b quark
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tangle)

3 Generations:                             The origin in the case of quarks      
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Figure 21: Quarks consist of six two-stranded tangle families, each with an infinite number
of tangles. The six families define the three generations. The same happens with anti-quarks,
which are modelled by mirror tangles. In the strand conjecture, the number of generations is
thus related to the Yukawa coupling to the Higgs.

43



Pr. 63 The neutrino tangle assignments explain the difficulty of observing neutrinos of opposite
handedness: neutrinos would have an extremely high preference for one handedness (belt-
trick); the mirror images of the tangles in Figure 20 would correspond to antineutrinos. De-
spite these appealing aspects, the neutrino tangles have one unclear issue: explaining the lack
of a fourth neutrino generation is not as straightforward as for quarks. It might be that the
lepton tangles require modification.

Pr. 64 No additional quantum numbers – such as R-parity – will be observed.

Pr. 65 All elementary particles, being tangles, are either bosons or fermions. The spin–statistics
theorem holds. No elementary anyon will be found in nature.

Pr. 66 Strands imply that dark matter does not contain an unknown elementary fermion or anyon.
(Dark matter can still contain neutrinos, composite fermions or black holes.)

Pr. 67 Bosonization does not occur [60].

So far, these predictions agree with data [50].

20 Predictions about mixing angles and CP violation

In nature, fermions show an additional effect. Quarks mix among each other, and so do neutrinos.
In the strand conjecture, the mixing is due to changes in the type of tangle core during propagation.
A general impression is given in Figure 22. The change in the tangle core is due to a change in
tether shape that leads to a change in core topology; in the tangle model, the difference between mass
eigenstates and weak eigenstates is due to different tether configurations.

In a weak quark eigenstate all tethers are in a plane. In such a flat configuration, a weak eigenstate,
tether braiding or unbraiding can change quark flavour. In contrast, a mass eigenstate is a tether
configuration in which all tethers are distributed equally over all directions, in three dimensions. A
similar effect occurs for neutrinos. The different eigenstates are also illustrated in Figure 22.

At present, the strand conjecture predicts:

Pr. 68 Mixing is due to partial tether braiding, i.e., to tether shifting. Tether braiding is related to
the poke move. Mixing is thus a weak effect due to the weak interaction. In addition, mixing
is related to the Higgs boson. This agrees with expectations.

Pr. 69 Tether shifting is a type of deformation. Therefore, it is described by a unitary operator. Both
the CKM and the PMNS mixing matrices are predicted to be unitary. This is indeed observed
[50].

Pr. 70 Quantum field theory is reproduced by the tangle model of fermion, and tether shifting has
non-vanishing probability. As a result, both the CKM and the PMNS mixing matrices are
predicted to be non-trivial, unique, constant in time and space, unitary, and running with
energy. This is observed.

Pr. 71 For quarks, tether shifting is a process with small probability. The quark mixing matrix is
predicted to have its highest elements on the diagonal. This is observed [50].
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Figure 22: Particle mixing during propagation is due to tether untangling or tangling. Both
quark and neutrino mixing are shown.
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Pr. 72 Tether shifting for quarks also implies that the mixing is stronger between neighbouring
generations, such as 1 and 2, than between distant generations, such as 1 and 3. This is also
observed.

Pr. 73 Because the strand conjecture predicts three quark generations, it implies the possibility of
CP violation. The meson model deduced from quarks shows that CP violation is possible
and that it arises only in those mesons in which is has been actually observed, as explained
in Section 22.2 below. Again, the strand conjecture predicts that this is an effect due to the
weak interaction that is small in magnitude. This agrees with observations.

Pr. 74 Estimating the probability for tether shifting will allow calculating the quark mixing angles
and the CP violating phase. The numerical values in the quark mixing matrix can be deduced
from the difference between the shapes of the two kinds of tangles shown in Figure 22.
Finding a contradiction between such calculations and experiments would falsify the strand
conjecture.

Pr. 75 In nature, neutrino mixing, predicted by Pontecorvo in 1957, was first observed in 1998.
Observations are continuously improved [61]. In the strand conjecture, the neutrino mass
eigenstates correspond to tangles whose tethers point along the three coordinate axes, as
illustrated in Figure 22. Again, the transition between the two eigenstates is due to tether
shifting, a special kind of strand deformation. Neutrino mixing, like quark mixing, is an
automatic result of the tangle model and it is related to the weak interaction. Figure 22
implies large mixing between the neutrino generations, related to the 120◦ torsion of three
tethers that distinguishes their tangles. Finding a contradiction between calculations and
experiments would falsify the strand conjecture.

Pr. 76 If the neutrino tangles of Figure 20 are correct, even more can be deduced. These neutrino
tangles are similar; three of their tethers are rotated together, more or less, depending on
the neutrino type. Because the neutrino masses are small, the tangle model implies that the
neutrino mixing angles should be large. This is observed [61]. The tangle model suggests
that the mixing angles have a zeroth-order value of the order of 120◦/3 = 40◦.

Pr. 77 Because of the chiral shape of the neutrino tangles, the strand conjecture implies the appear-
ance of CP violation in neutrinos. The value of the CP-violating phase is predicted to follow
from the neutrino tangles and a proper accounting of their fluctuations. Also this calcula-
tion is still a subject of research. It is unclear when the value of the CP-violating phase for
neutrinos will be measured with sufficient precision.

Pr. 78 The strand conjecture predicts that the neutrino mixing matrix has only one CP-violating
phase. (It would have three such phases if neutrinos were Majorana particles.) This topic is
not yet settled.

Pr. 79 To calculate the angles and phases in the CKM and PMNS matrices, the probability for a
tether shift have to be determined. The mechanism of CP violation has important conse-
quences in cosmology; it is a piece in the puzzle of the baryon–antibaryon asymmetry. This
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topic is still subject of research.

In summary, strands are one of the few approaches that explain mixing of leptons and of quarks. The
qualitative aspects of mixing agree with observation, but the quantitive aspects still need more precise
tests. As a result, the exact propagators of all elementary fermions and all massive elementary particles
shown in Figure 1 appear to arise in the tangle model.

21 Predictions about elementary particle masses

In quantum theory, particle mass is the constant that fixes the dispersion relation, i.e., the relation
between phase rotation and displacement. More specifically, the mass value relates the rotation fre-
quency and the wavelength of a quantum particle.

In the strand conjecture, the mass value for the simplest tangles of a fermion tangle family is
determined by the relation between rotation and displacement of the tangle core. The tangle core
rotates and advances through the vacuum, which itself consist of a network of strands. As a result,
more complex tangles have more difficulties to rotate and thus have higher mass. As a second result,
all elementary particles have mass values much smaller than the Planck mass. Indeed, a Planck mass
would correspond to a crossing switch per Planck time; however, any tethered core has a much lower
rotation frequency. The tangle model allows stating:

Pr. 80 In the strand conjecture, the mass values m of elementary particles are predicted to be unique,
fixed, positive, and constant in time and space across the universe.

0 < m = const . (27)

Pr. 81 Because the belt trick has a very low probability, elementary particle masses obey

m� mPl . (28)

The tangle model thus solves the basic hierarchy problem.

Pr. 82 Mass values are predicted to depend on the tangle details, and to be calculable. In particular,
more complex tangles have higher mass. This relation yields the correct mass sequences
for all hadrons, as shown in Section 22.3. The tangle complexity can be measured with the
help of the ropelength of tangles, the added length induced by a tight tangle. All hadron
mass sequences are predicted correctly – for example all meson sequences – except for the
down–up quark mass sequence.

Pr. 83 The exceptional mass sequence for the down and the up quark – whose mass values do not
follow the tangle complexity rule – appears to arise from the specific symmetry of the down
quark tangle. The down quark tangle has a four-fold symmetry that the up quarks lacks. The
symmetry allows for a Higgs coupling that is four times stronger than that of all other quarks,
which lack this symmetry. This leads to a higher and thus exceptional mass value for the
down quark.
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Pr. 84 Because the observation me < mμ < mτ implies a specific tangle core complexity sequence,
the strand conjecture predicts

mνe < mνμ < mντ . (29)

Latest results point in this direction [62], but are not yet conclusive. In addition to normal
mass ordering, strands imply that at least two, probably three, neutrinos are massive Dirac
particles, not Majorana particles. In the latter case, the neutrino-less double beta decay, with
its violation of lepton number, will not be observed [63].
The tangle model implies that there are no renormalization problems for neutrino masses.
Strands thus predict that the standard model allows massive Dirac neutrinos with PMNS
mixing.

Pr. 85 Strands imply that no divergence problems due to the Higgs mass or to the Higgs self-
coupling occur, up to Planck scale. With the known Higgs mass value, this is indeed the
case [64].

Pr. 86 Since no unknown particles are predicted, strands predict the lack of the see-saw effect.

Pr. 87 In the strand conjecture, all mass values of elementary particles are set (1) by the core topol-
ogy and shape and (2) by the Yukawa term – as illustrated in Figure 21 – and by nothing
else. No other effect is predicted to determine particle mass. This is the case for all known
elementary particles.

Pr. 88 In the tangle model, it is simpler to estimate mass ratios of elementary particles than absolute
mass values. For example, the W/Z boson mass ratio can be estimated from their tangles.
The two ropelength values for their tight tangle configurations, determined numerically by
Eric Rawdon, are about LW = 4 and about LZ = 7 rope diameters. The strand conjecture
estimates the W/Z mass ratio by the cube root of the ropelength ratio of the tight tangles. This
relation arises both when comparing inertial and gravitational masses. Indeed, mass ratios
are given by core rotation frequency ratios. Core rotation frequency ratios are determined by
the length ratios of strands winding around the core. And average cores are well described
by tight core configurations – in the same way that average knot configurations are well
described by tight knots. This has been explored by several research teams in the past [65, 66].
The W/Z ropelength ratio is

mW

mZ
≈

(
LW

LZ

)1/3

= 0.83 . (30)

This value has to be compared with the experimental ratio of 80.4GeV/91.2GeV=0.88 [50].
The agreement between experiment and strand conjecture is not good.
However four aspects are worth noting: first, the tangle model reproduces the higher value of
the neutral Z boson’s mass; indeed a tangle with mirror symmetry is more complex than one
without. Secondly, strands explain why the mass ratio does not match the experimental result:
the estimate assumed spherical tangle core, neglected the other tangle family members, and
neglected the running with energy.

48



Tight Higgs tangle candidate

Tight W boson tangle candidate Tight Z boson tangle candidate

Figure 23: Tight tangle candidates for the W, Z and Higgs bosons, determined by Eric Rawdon.
However, in contrast to the pictures, the six W and Z tethers should lie in a plane.

Pr. 89 In nature, the W/Z mass ratio determines the weak mixing angle θw of the weak interaction
Lagrangian through the relation cos θw = mW/mZ. Strands thus predict the value of the
weak mixing angle to the same accuracy as they predict the W/Z mass ratio.

Pr. 90 Strands imply that the Higgs mass is not due to a relaxion, as proposed recently [67, 68].

Pr. 91 The Higgs/Z mass ratio can also be estimated. The observed mass value of the Higgs boson
is 125(1) GeV. The observed mass value for the Z boson is 91.2(1) GeV.

The ropelength of the tight Higgs tangle turns out to be 17 diameters and for the tight Z tangle
about 7 diameters, as determined by Eric Rawdon with a computer program. These values

49



yield a naive mass estimate for the Higgs boson of (17/7)1/3 · 91.2GeV, i.e.,

mHiggs ≈ 122GeV . (31)

The estimate has to be compared to the observed value 125GeV. Again, the non-sphericity
of the Z and Higgs boson tangles, the other family tangles, and the running with energy have
not been taken into account.

Pr. 92 Upper limits for absolute mass values of particles can also be deduced from tangles. An
estimate of tether shape probabilities, using a typical core circumference of around 6 Planck
lengths, yields upper limits for the mass m of an elementary particle with four tethers of
about

m4/mPl < (e−6)4 ≈ 10−10 . (32)

The bound agrees with experiment, but is very crude. The value for the elementary particle
with the highest mass, the top quark, is about 3 · 10−17.

Pr. 93 A lower mass limit mll for leptons – and thus for massive neutrinos – can also be derived
from strands. Neutrinos have six tethers. Any useful mass estimate is based on frequency
estimates and displacement estimates. Such an estimate will be given in a separate paper.

In future, estimating the rotation probability for each tangle core with higher precision will allow
calculating the mass value of the corresponding particle. So far, however, this calculation remains
an open challenge – though it is one of the best tests for the tangle model, especially in the case of
neutrinos. One reason for the difficulty to solve the challenge is that crossing switches arise rarely;
mass is a small effect. A second reason is that fluctuation probabilities for extended constituents
tangled in three dimensions are difficult to estimate. Therefore, precise mass calculations are not
easy; this applies to neutrino masses in particular.

22 The quark model

22.1 Quark-antiquark mesons

In the strand conjecture, the rational tangles for quarks can be used to model mesons and baryons. The
model for pseudoscalar mesons is shown on the left-hand sides of Figure 24, Figure 26 and Figure 27.
The right-hand sides of the figures show vector mesons.

Inside mesons, quarks and antiquarks ‘bond’ at three spots that form a triangle oriented perpen-
dicularly to the bond direction and to the paper plane. To increase clarity, the ‘bonds’ are drawn as
circles in the figures; they consist of two crossed (linked) tethers, as shown in Figure 25. With this
procedure, the tangle model predicts:

Pr. 94 Mesons made of two quarks are only possible for the type q q. Tangles determine parities,
colour charge and electric charge.

Pr. 95 Other potential quark combinations, such as q q or q q, turn out to be unlinked and thus are
predicted not to exist.
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Pseudoscalar and vector mesons made of up and down quarks:

Note: the larger circle
is above the paper plane.

Figure 24: The simplest effective tangle models for the light pseudoscalar and vector mesons
(circles indicate crossed tether pairs to the border of space), with the observed mass values, for
comparison.

To compare the meson tangles with experimental data, the resulting quantum numbers can be explored.
Both in quantum field theory and in the strand conjecture, the parity of a particle is the product of the
intrinsic parities and of wave function parity. States with orbital angular momentum L = 0 are
the lowest energy states. Experimentally, the lightest mesons have quantum numbers JPC = 0−+,
and thus are pseudoscalars, or have JPC = 1−−, and thus are vector mesons. The tangle model
reproduces these observed quantum numbers. (The spin of any composite particle, such as a meson,
is a low-energy quantity; to determine it from the composite tangle, the tethers must be neglected.)
The model also implies:

Pr. 96 In the tangle model, meson states are colour-neutral, or ‘white’, by construction, because the
quark and the antiquark, in all orientations, always have opposite colours. This is observed.

Pr. 97 In the tangle model, the electric charge is an integer for all mesons. Chiral tangles are charged,
achiral tangles uncharged. No fractional charge values arise in mesons. The charge values
deduced from the tangle model thus reproduce the observed values.
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Example of simplified hadron tangles:

Complete tangles:

Simplification used: 

Figure 25: The meaning of the circles used to simplify the tangle illustrations of mesons and
baryons.

Pr. 98 In experiments, no mesons with quantum numbers 0−−, 0+−, or 1−+ are found. Also this
observation is reproduced by the quark tangles; this is easily checked by direct inspection.

In summary, the tangle model reproduces all arguments that once were central to the acceptance of
the quark model for mesons.

As a note, if tethers are neglected, the tangle model of mesons resembles the original string model
of hadrons from 1973, but also the Lund string model and the QCD string model [69, 70, 71].

The mesons structures of Figure 24, Figure 26 and Figure 27 are only the simplest tangles for each
meson. Higgs coupling leads to more complicated tangles. Nevertheless, all meson tangles, both the
simplest and the more complicated tangles, reproduce spin values, parities, and all the other quantum
numbers of mesons.

22.2 CP violation in mesons

In the weak interaction, the product CP of C and P parity is usually conserved. However, rare excep-
tions are observed for the decay of the K0 meson and in various processes that involve the B0 and B0

s

mesons [72]. In each of these exceptions, the meson is found to mix with its own antiparticle [50].
The tangle model allows deducing whether the mixing of a meson with its own antiparticle is

possible or not. As expected, only neutral mesons are candidates for such mixing, because of charge
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Figure 26: The simplest tangle models for strange and charmed mesons with vanishing orbital
angular momentum. Mesons in the left column have spin 0 and negative parity; mesons in the
right column have spin 1 and also negative parity. Circles indicate crossed tether pairs to the
border of space. Grey boxes indicate tangles that mix with their antiparticles and which are
thus predicted to show CP violation (see text).
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Figure 27: The simplest tangle models for some heavy pseudoscalar and vector mesons, to-
gether with their experimental mass values. Antiparticles are not drawn; their tangles are mir-
rors of the particle tangles. Circles indicate crossed tether pairs to the border of space. Grey
boxes indicate tangles that mix with their antiparticles and which are thus predicted to show
CP violation (see text).

conservation. In the tangle model, particle–antiparticle mixing is possible whenever the transition
from a neutral meson to its antiparticle is possible in two ways: either by taking the mirror of the
meson tangle or by shifting the position of the binding crossings. All meson tangles s for which this is
possible are shown in grey boxes in Figure 24, Figure 26 and Figure 27. The tangle model also makes
it clear that such mixing requires shifting of the bonds; this is a low-probability process that is due to
the weak interaction. The tangle model thus predicts that the weak interaction violates CP invariance
in those mesons that mix with their antiparticles.

Since the spin 1 mesons decay strongly and thus do not live long enough, the small effect of CP
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violation is de facto only observed in pseudoscalar, spin-0 mesons.

Pr. 99 The tangle model predicts observable mixings and CP violation for the mesons pairsK0 −K0,
D0 −D0, B0 −B0, B0

s −B0
s only.

The prediction by the tangle model corresponds precisely to those systems for which CP violation
is actually observed [50]. CP violation in D mesons was finally discovered at CERN in the years
between 2011 and 2019 [73], after it was predicted both by the standard model and by the tangle
model.

In the tangle model, meson–antimeson mixing is possible because the various quarks are braided
strands. Because of this braid structure, the existence of meson–antimeson mixing is a consequence
of the existence of three quark generations. The tangle structures of mesons also make it clear that
such mixings would not be possible if there were no third quark generation. The tangle model thus
reproduces the usual explanation of CP violation as the result of three quark generations.

For the strong and the electromagnetic interaction, the strand conjecture makes a clear statement:

Pr. 100 Because gluons and photons do not have the ability to change particle topology, the tangle
model predicts the lack of mixing and of CP violation due to the strong or electromagnetic
interaction.

There is no necessity and no possibility for an axion in the tangle model.

This agrees with observations.
In summary, the existence of CP violation in the weak interactions and the lack of CP violation in

the strong interaction are natural consequences of the tangle model.

22.3 Meson masses, excited mesons and quark confinement

A topologically complex tangle implies a large mass. This connection allows several predictions.

Pr. 101 Figure 24 implies that the π0, η and π+/− have different masses and follow the observed
meson mass sequence m(π0) < m(π+/−) < m(η). Many other implied mass sequences can
be deduced with the help of Figure 24, Figure 26 and Figure 27. There are no contradictions
with observations.

Pr. 102 However, there is one limit case: the tangle model predicts different masses for the ρ0, ω, and
ρ+/−. So far, observations only partly confirm the prediction. Recent precision experiments
seem to suggest that ρ0 and ρ+/− have different mass; but this result is not definite yet [50].

The tangle model for mesons also suggests that the quark masses are not that important for the
determination of meson masses, whereas the details of the quark-antiquark bond are. Indeed, the
light meson and baryon masses are much higher than the masses of the constituent quarks. The
relative unimportance of quark masses for many meson masses is also confirmed for the case of
excited mesons, i.e., for mesons with non-vanishing orbital angular momentum L.
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It is well known that mesons of non-vanishing orbital angular momentum can be grouped into
sets which have the same quark content, but different total angular momentum J = L + S. These
families follow the well-known relation between total angular momentum J and mass m, the Regge
trajectories

J = α0 + α1m
2 (33)

with an (almost) constant factor α1 for all mesons, of about 0.9GeV/fm [74]. These relations derive
from the linear increase with distance of the effective potential between quarks, thus from the prop-
erties of the relativistic harmonic oscillator. In QCD, the linear potential itself is a consequence of a
fluxtube-like bond between quarks.

In the tangle model, a fluxtube-like bond between the quarks is built-in automatically, as shown
in Figure 25 All mesons have connecting ‘tangle bonds’ and these bonds can be seen as forming
one common ‘fluxtube-like bond’. In the simplified drawings, the fluxtube-like bond is the region
containing the circles. In orbitally excited mesons, the tangle bonds are expected to lengthen and thus
to produce additional crossing changes, thus additional effective mass. The tangle model thus even
suggests a linear relation between angular momentum and energy squared.

Pr. 103 Since the quark–anti-quark bond structure is similar for all mesons (they all have three bond-
ing circles), the tangle model implies the same slope for all excited meson (and baryon)
Regge trajectories in the Chew–Frautschi plots. This is observed.

Pr. 104 Unsurprisingly, the tangle model implies that all 2-quark mesons are prolate. In particular,
mesons with non-vanishing orbital momentum are also predicted to be prolate. This obvious
prediction about meson shapes is made also by all other meson models, but apparently it has
not yet been tested by experiment.

In summary, the tangle model reproduces both meson mass sequences and quark confinement, with
all their characteristic aspects.

22.4 Baryons and their properties

In the tangle model, tangles made of five or six strands are baryons. The quark tangles yield the tangles
for baryons in a natural way, as Figure 28 shows. Again, not all quark combinations are possible.

Pr. 105 Quark tangles do not allow mixed q q q or q q q structures, but only q q q or q q q structures.

Pr. 106 In addition, the tangles do not allow (fully symmetric) spin 1/2 states for uuu or d d d, but
only spin 3/2 states.

Pr. 107 The model also naturally predicts that there are only two spin 1/2 baryons made of u and d
quarks.

All this corresponds to observation. The tangles for the simplest baryons are shown in Figure 28.
The tangles reproduce The electric charges of the baryons are reproduced. In particular, the tangle

56



d

u

u

d

d

d

u

uuu=Δ++
1232 MeV

u
Spin S = 3/2, L = 0,
parity P = +1

u

d

d

uud=Δ+
1232 MeV

udd=Δ0
1232 MeV

ddd=Δ–
1232 MeV

The four Δ baryons have one graph each, corresponding
to u↑ u↑ u↑, u↑ u↑ d↑, u↑ d↑ d↑ and d↑ d↑ d↑ :

u
u

d

d

d u

udd = n
940 MeV

uud = p
938 MeV

d

u

u

d

u

du

Spin S = 1/2, L = 0,
parity P = +1

The proton has two basic graphs,
corresponding to u↑ u↓ d↑ and u↑ u↑ d↓ :

The neutron has two basic graphs,
corresponding to d↑ d↓ u↑ and d↑ d↑ u↓ :

Circles indicate
pairs of tails to the
border of space

Figure 28: The simplest tangle models for the lightest baryons made of up and down quarks
(circles indicate linked tether pairs to the border of space), together with the measured mass
values.
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Figure 29: One tangle (only) for each baryon in the lowest J = L + S = 1/2 baryon octet
(circles indicate linked tether pairs to the border of space), together with the measured mass
values.

topologies imply that the proton has the same charge as the positron. Neutral baryons have topologi-
cally achiral structures; nevertheless, the neutron differs from its antiparticle, as can be deduced from
Figure 28, through its three-dimensional shape. The Δ baryons have different electric charges.

Baryons are naturally colour-neutral, as observed. The model also shows that the baryon wave
function usually cannot be factorized into a spin and quark part: the nucleons need two graphs to
describe them, and tangle shapes play a role. Baryon parities are reproduced. All this corresponds to
known baryon behaviour. Also the observed baryon shapes – more precisely, the baryon quadrupole
moments – are reproduced by the tangle model.

The particle masses of proton and neutron differ, because their topologies differ. However, as seen
in Figure 28, the topological difference is ‘small’, so that the mass difference is small. In the tangle
model, the topological differences between the various Δ baryons are even smaller, and indeed, their
mass difference is barely discernible in experiments.

The tangle model naturally yields the baryon octet and decuplet, as shown in Figure 29 and Fig-
ure 30. In general, complicated baryon tangles have higher mass than simpler ones, as shown in the
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Figure 30: One tangle for each baryon in the lowest J = 3/2 baryon decuplet, together with
the measured mass values.

figures; this is also the case for the baryons, not illustrated here, that include other quarks. And like
for mesons, also baryon Regge trajectories are due to ‘stretching’ and tangling of the binding strands.
Since the bonds to each quark are again (at most) three, the model qualitatively reproduces the ob-
servation that the Regge slope for all baryons is the same and is equal to that for mesons. This also
implies that the quark masses play only a minor role in the generation of hadron masses; this old result
from QCD is thus reproduced by the tangle model.

The arguments presented so far only reproduce mass sequences, not mass values. Actual hadron
mass calculations are predicted to be possible with the tangle model: it is necessary to compute the
number of crossing changes each tangle produces per time. There is a chance, but no certainty, that
such calculations might be simpler to implement than those of lattice QCD.

In brief, here are the consequences of the strand conjecture for baryons, including a few additional
ones:
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Pr. 108 All baryons are made of quarks or antiquarks only. Strands reproduce their spin values. All
3-quark baryons are oblate.

Pr. 109 Hadron mass sequences are determined by tangle complexity. Their Regge slopes are roughly
equal.

Pr. 110 All hadron decays and scattering processes agree with the standard model.

Pr. 111 CP violation arises in baryons, in exactly the same way as predicted by the standard model.
It is expected that it is measurable only for baryons containing b quarks [50].

Pr. 112 Tetraquarks and hexaquarks exist. For pentaquarks, the case is less clear, but they also seem
possible.

Pr. 113 Glueballs are not knotted objects [75, 76]. In fact, strands suggest that glueballs do not exist.

Pr. 114 Together with the probable lack of glueballs, imply suggest that scalar mesons are tetraquarks.

So far, all these predictions agree with observations and LHCb results [50].

23 Predictions about coupling constants

In nature, the coupling constants describe the strengths of the gauge interactions. Each coupling
constant specifies the phase change that an average absorbed or emitted gauge boson induces in a
charged particle, as explained by Feynman [27].

In the strand conjecture, the three gauge interactions are described by Reidemeister moves. As a
result, in the strand conjecture, each coupling constant describes the average phase change induced
by random Reidemeister moves corresponding to that interaction. Already before any calculation of
the coupling constants, the strand conjecture leads to a number of predictions for the values of α, αw,
and αs.

Pr. 115 The value of each coupling constant is predicted to be fixed and unique, with values

0 < α < 1 , 0 < αw < 1 , 0 < αs < 1 . (34)

Pr. 116 The coupling constants are predicted to be constant over time and space, also on cosmological
scales – despite the occasional claim to the contrary. So far, this agrees with data.

Pr. 117 Strands predict that the coupling constants are calculable. First estimated are given below.

Pr. 118 Because all Feynman diagrams are reproduced, quantum field theory remains valid. There-
fore, the three effective coupling constants are predicted to run with energy. So far, quantum
field theory agrees with data.

Pr. 119 Near Planck scales, when the effective diameter of strands plays a role, the running of the
coupling constants is expected to differ from the standard model. The difference does not
need to be small at Planck energy – but is predicted to be negligible at experimentally acces-
sible energies.
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Pr. 120 Due to the relation of the coupling constants to the Reidemeister moves, the strand conjecture
predicts that the values of the three coupling constants have no specific relation among each
other; in particular, they are predicted not to converge to a common value. The argument
applies – with high probability – to energy values below the Planck scale.

In other words, because grand unification and supersymmetry are excluded by strands, no
energy E for which

α(E) = αw(E) = αs(E) (35)

is predicted to exist. Measurements have always agreed with this prediction, starting with the
one by Amaldi et al. [77], despite the intense wish for the opposite result.

Pr. 121 Above all, the strand conjecture predicts that each coupling constant is exactly the same for
all different particle (and antiparticle) types. For example, α is predicted to be the same for
electrons, muons, positronium, quarks, muonium, protons, atoms, ions, molecules, solids,
liquids, gases, plasmas, pair production and high-energy scattering. So far, this is observed.

Equivalently, the strand conjecture predicts that all charges are exactly quantized across all
particle types and are related by simple integers. The explanation of these points is essential
for the explanation of the Lagrangian of the standard model. So far, in the research literature,
no other proposal appears to satisfy this requirement. Any experiment disproving the particle-
independence of couplings would falsify the strand conjecture.

Pr. 122 Because a general core deformation is a sum of deformations with no crossing switches, or
with crossing switches due to one of the Reidemeister moves, one new prediction arises:

0 < α(E) + αw(E) + αs(E) < 1 (36)

for every energy E up to Planck energy. This is also observed.

24 First estimate of the fine structure constant

The strand conjecture states that electromagnetism is due to twist transfer, as illustrated in Figure 14.
By exploring the figure in detail, the fine structure constant α can be calculated.

The view shown in Figure 14 arises when looking or projecting along the shortest distance of the
tangle crossing. Near the crossing, each strand is then parallel to the paper plane. In this projection,
in order to get a simple geometric picture, the direction of view, perpendicular to the paper plane, is
best imagined as the axis of a sphere containing a north pole above the paper plane and a south pole
below it. Then the photon incidence angle β is a longitude on this sphere and varies from −δ/2 to
+δ/2; the photon incidence angle γ is the angle from the incident photon direction to the paper plane,
thus corresponds to a latitude on the sphere; for photons arriving ‘inside’ the crossings it varies from
−π/2 to +π/2.

When a photon arrives at a tangle core, it twists the part of the crossing surrounding it. The details
of the photon incidence determine the probability p that a crossing switch takes place at all and also
determine the value ν of the induced phase change. Both quantities can be estimated.
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The probability p for an induced crossing switch can be approximated geometrically. The prob-
ability vanishes for photons arriving along the poles of the crossing, i.e., for γ = ±π/2. The prob-
ability for a crossing switch also vanishes for photons arriving perpendicularly to either of the two
strands. Furthermore, the switch probability is expected to be highest for the case γ = β = 0, i.e.,
for symmetrical incidence. Approximately, for symmetrical photon incidence, the switch probability
p varies with the crossing angle δ as the complement of the spherical angle spanned by the two strands
when they are twisted. In other words, the approximate probability is p ≈ (cos δ/2)2. For general
angles of incidence, the approximate probability for a crossing switch becomes p ≈ cos θ1 cos θ2,
where θi is the angle between the strand i and the direction of photon incidence. This approxima-
tion thus gives the probability of a crossing switch for all possible geometries. The angles θi are
determined by the scalar products cos θ1 = (cos(δ/2), sin(δ/2), 0) · (cos β cos γ, sin β cos γ, sin γ)
and cos θ2 = (cos(δ/2),− sin(δ/2), 0) · (cos β cos γ, sin β cos γ, sin γ). This yields an approximate
probability

p ≈ ((cos(δ/2) cos β cos γ)2 − (sin(δ/2) sin β cos γ)2) . (37)

Below it will become clear why this expression is an overestimate.
Also the value ν of the phase change due to a crossing switch can be estimated. Geometry suggests

that the phase due to a crossing with angle δ is a vector oriented perpendicularly to the symmetry axis
and perpendicularly to the shortest distance of the crossing; in the figures, this vector thus lies in the
paper plane. The phase vector is expected to have length sin δ. A switch that occurs due to a photon
incident along the crossing symmetry axis changes the crossing phase from the original value to its
opposite; the phase change is thus ν = 2 sin δ. For general angles of photon incidence, the induced
crossing switch is only partial. The approximate value for the phase change becomes

ν = 2 sin δ cos β cos γ . (38)

Calculating the fine structure constant requires averaging the phase change times the probability
over all incidence angles β and γ of the photon – using the spherical surface element (1/4π) cos γ.
The calculation also requires averaging over all strand crossing configuration angles δ – using the
probability density for strand angles given by sin δ. The effects of photon phase and of strand crossing
distance are assumed to be negligible. Averaging over all photon polarizations introduces a factor 1/2.
Finally, multiplication by 3 gives the fine structure constant for a full unit charge, i.e., for a tangle core
with three crossings.

In summary, the estimate of the electromagnetic coupling constant becomes

√
α =

3

8π

∫ π/2

δ=0

∫ π/2−δ/2

β=−π/2+δ/2

∫ π/2

γ=−π/2
p ν sin δ cos γ dγ dβ dδ ≈

√
1/31 ≈ 0.18 (39)

This numerical estimate has to be compared to the experimental value
√

1/137.03599914(3) ≈ 0.085

at low energy or to the standard model prediction of
√

1/110(5) ≈ 0.095 at Planck energy. There is
no agreement.
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On the one side, the proposed geometric approximation for the fine structure constant is an over-
estimate. There are two reasons for this. First, instead of using the value p of expression (39), a better
estimate would use the difference between the probability p that the incoming photon untwists the
crossing and the probability pinc that the photon increases the twist. Secondly, the twist calculation
is not strictly that of the electromagnetic interaction only; it includes an admixture from the weak
interaction. The admixture can be deduced from the tangle for the (unbroken) weak W3 boson shown
in Figure 19; the exchange of (half of) that tangle is similar to the exchange of a twist.

On the other side, the Planck scale model for the basic QED diagram remains promising: it pro-
duces a value for the fine structure constant that is unique, constant, and equal for all charged particles.
Moreover, the calculation does not need any input; it is ab initio. Improving the calculation will thus
allow a definite comparison with experiment and will then provide a conclusive test of the strand con-
jecture. If the future, precise calculation of α agrees with measurements, the vertices in Figure 1 due
to electromagnetism are explained.

25 First estimates of the nuclear couplings

For the nuclear coupling constants αw and αs of the weak and strong nuclear interactions, as shown in
Section 23, the value must be between 0 and 1. The project to deduce more precise values is ongoing.

Pr. 123 Strands predict the same running of the coupling constants with energy as quantum field
theory does, because strands reproduce the effects that lead to the running in all details. In
the common graphs showing how the coupling constants change with the logarithm of energy,
strands thus predict the same slopes as quantum field theory does. These slopes agree with
observations [77, 78].

Pr. 124 Because a gluon is made of three strands, the unbroken weak bosons of two, and a photon of
one, the strand conjecture implies that at everyday energy,

αs > αw > α . (40)

The nuclear coupling constants are predicted to be larger than the fine structure constant. This
is observed [50].

Pr. 125 Because gluons have three strands, the weak (unbroken) bosons two, and photons one strand,
a very naive estimate suggests that, at low energy, the ratio between the three coupling con-
stants is 3:2:1. However, this crude estimate is not in good agreement with observations.

Again, improving the calculations will provide a central test of the strand conjecture.

26 Baryogenesis and non-perturbative effects

In 1967, Sakharov showed that the observed baryon–antibaryon asymmetry in the universe requires
three properties of particle interactions [79]. In modern terms, the three properties are (1) a non-
equilibrium situation during the expansion of the universe, (2) C and CP violation, and (3) violation
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of baryon number conservation. In the tangle model, the first property is realized intrinsically. The
second property was explained above, in Section 16.

The third property, the possibility of baryon number non-conservation, is essential for baryogen-
esis. In the standard model, baryon number non-conservation is described by non-perturbative pro-
cesses [80]. Indeed, in the standard model, all perturbative processes conserve baryon number.

The tangle model of quarks and leptons realizes both properties of the standard model. All Feyn-
man vertices conserve baryon number. However, rearranging the two strands of a quark and combin-
ing them with an additional, properly shaped vacuum strand allows nature to form a three-stranded
lepton. The inverse process is equally possible. This non-perturbative strand process – different
from the Feynman diagrams, and different also from particle mixing – leads to baryon number non-
conservation.

The strand conjecture implies:

Pr. 126 Strands suggest that in regions of strong curvature or at high energies, the conservation of
baryon number B can be violated: quarks can be created by tangling vacuum strands, or by
detaching a strand from a lepton tangle.

Pr. 127 Baryon non-conservation only arises at highest energy – much higher than that for perturba-
tive processes – because the involved strand rearrangement is rather ‘wild’: the strand being
rearranged has to be strongly deformed, and the same is true for at least one involved tangle
strand.

Pr. 128 Strands suggest that in regions of strong curvature, strands can be transferred between par-
ticles. This implies that the difference B − L between baryon and lepton number is not
conserved in such cases; the conservation of B − L can be violated in regions of strong
curvature.

Pr. 129 Strands imply that finding an analytic estimate of the probability for baryon non-conservation
is not easy, as probabilities of strand shapes and of strand exchanges are hard to estimate. The
strand conjecture thus only promises to help advancing the ongoing discussion whether the
standard model is sufficient or not to explain the observed baryon–antibaryon asymmetry
[81, 82]. Since the tangle model predicts the absence of the see-saw mechanism, the tangle
model appears to rule out leptogenesis. More precise answers should appear after computer
simulations of fluctuating strands have been performed. Determining the numerical value of
the resulting matter–antimatter asymmetry is still a subject of research.

Pr. 130 The tangle model implies several conjectures on the non-perturbative description of interac-
tions.
In the strand conjecture, elementary particle energy and momentum are limited by the (cor-
rected) Planck values. Strands thus eliminate the Landau pole of quantum electrodynamics,
because it is usually estimated to lie at trans-Planckian energy [83], an energy value that is
neither accessible nor physical in the strand conjecture.
Strictly speaking, strands do not allow speaking of asymptotic behaviour, of asymptotic free-
dom [84], or of asymptotic safety [85]. Strands only allow speaking of Planck-scale values
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of couplings. In certain settings, it is possible to take the limit of negligible strand diameter.
This might allow recovering some of the usual ‘asymptotic’ statements.

It might be mentioned in this context that, by design, the strand conjecture appears to be
finite. Given that the conjecture claims the lack of elementary particle energies above the
Planck scale, it is disputable whether the term ‘UV-completeness’ applies or not.

Pr. 131 The non-perturbative strand description of QCD can be tested in quark-gluon plasmas – and
similar situations – by comparing data and simulations of strands fluctuations.

Pr. 132 Calculating QED effects to all orders – not only for the g-factor of the electron – appears a
possibility. This would extend the ideas about the g-factor calculation to other processes.

Pr. 133 Also the calculation of parameters describing SU(2) breaking is imaginable. This is a process
of strand capture as well. This topic is still subject of research.

In summary, the tangle model of particles allows for three kinds of processes in nature: at lowest
energy, space and gravity are due to the fluctuations and deformations of untangled tethers; at inter-
mediate energy, gauge interactions are due to deformations of tangle cores; at highest energy, non-
perturbative processes are due to addition or removal of strands to or from cores.

27 On non-locailty

In the strand conjecture, events and interactions are localized within a few Planck lengths. As a result,
the Lagrangian of the standard model is effectively local. And so is its dynamics. One can also state
that locality is emergent. At the same time, the strand conjecture implies conventional quantum theory.
This implies:

Pr. 134 No deviations from dynamic locality are predicted at measurable energies. No deviations
from usual quantum non-locality are predicted at measurable energies.

In this prediction, the strand conjecture differs from many other approaches to quantum theory or
quantum gravity, which often suggest observable non-local effects beyond quantum non-locality [86,
87]. So far, all experiments agree with the strand prediction.

28 The role of gravitation

In the strand conjecture, particles, interactions and space are due to fluctuating strands. In the tangle
description of the standard model, gravity does not play any direct role. Strands imply that gravity
enters only indirectly into particle physics.

First of all, strands define space. Space has three dimensions. The metric of space is a thermo-
dynamic average of microscopic degrees of freedom, as proposed by Jacobson [88]. This idea has
also been explored by Padmanabhan [89], Verlinde [90] and many other researchers. Strands imply
and confirm the thermodynamic origin of space, gravity and general relativity. The consequences,
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predictions and tests have been explored in detail elsewhere [11]. So far, all agree with observations.
The main prediction is:

Pr. 135 No deviation from general relativity arises at sub-galactic scales. This prediction includes
two less well known properties of general relativity: force is limited by F ≤ c4/4G and
power is limited by F ≤ c5/4G.

This prediction about gravitation fully agrees with all observations. Observations include the latest
black hole mergers, as discussed by Cardoso et al. [91] and as measured by LIGO and VIRGO
[92, 93].

In the strand conjecture, gravity, through the gravitational constant G, implies a strand diameter
that is finite. The finiteness of the diameter defines the shape of tight tangles. In the strand conjecture,
strands are tight at Planck energy. The tight shape defines the fundamental constants at Planck energy.
In short, the finiteness of the strand diameter defines the values of all fundamental constants at the
Planck scale: masses, mixings and coupling constants. Gravity thus enters particle physics by setting
the values of all constants at Planck energy.

In the strand conjecture, the values of the fundamental constants at the Planck scale are independent
of the value of G; they arise because G is finite. The values of the constants in everyday life depend
on the cumulated running of the constant from the Planck scale down to everyday scales. This is
the detailed mechanism with which the Planck scale, and thus gravity, enters the Lagrangian of the
standard model.

In short, the strand conjecture implies a rather strong separation between gravity and particle
physics. These two aspects of nature are only related via the fundamental constants.

29 Predictions about gravitation in the standard model

The separation between particle physics and gravitation implied by the strand conjecture allows a
number of predictions and tests.

Pr. 136 In the strand conjecture, gravitation – the exchange of gravitons – plays no role in experi-
mentally accessible particle processes, because the gauge interactions are stronger by many
orders of magnitude. As a result, gauge interactions do not need the belt trick and are of
much higher probability than gravitation. Strands thus automatically imply the weak gravity
conjecture [94].

Pr. 137 In the strand conjecture, graviton exchange, graviton emission and graviton absorption are
experimentally unobservable, as these processes cannot be distinguished from fluctuations.
This confirms predictions made some time ago [95].

Pr. 138 In the strand conjecture, fluctuations of the gravitational field are unobservable, because they
cannot be distinguished by other quantum effects and fluctuations. This prediction contrasts
with numerous other predictions, including [96, 97, 98, 99], but agrees with observations.
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Pr. 139 In the strand conjecture, gravitation defines the masses of the elementary particles and defines
the amount of running of the fundamental constants. Strands predict the lack of deviations
between the observed runnings and those calculated from the standard model, e.g., by Xing
[100]. So far, this agrees with data.

Pr. 140 Gravitational mass is identical to inertial mass: For fermions, both mass values are due to the
belt trick and to the Higgs coupling. For gauge bosons, both mass values are due to intrinsic
rotation and to the Higgs coupling. So far, the identity agrees with data, as shown by Will
[101].

Pr. 141 Strands predict that in standard model processes, and in any other setting, new quantum
gravity effects do not appear. So far, the prediction agrees with data; however, the issue is
far from being settled – both experimentally and theoretically.

Many – but not all – approaches to quantum gravity, both fundamental and phenomenological
ones, make predictions that differ from the strand model. This includes the proposals by Sha-
poshnikov et al. [102], Hossenfelder [103], Lisi et al. [104], Kiefer [105], Rovelli [106, 107],
Hamber [108] and many others. Supersymmetry, supergravity or string theory predict the
existence of additional particles. It is unclear whether loop quantum gravity [109] or asymp-
totically safe gravity [110] predict effects near Planck scales. In fact, certain approaches to
quantum gravity predict observable effects, others predict the lack of such effects. In addi-
tion, most approaches to quantum gravity appear to predict effects near Planck scales that
differ from the strand conjecture.

The strand conjecture also differs from proposals that do not quantize gravity at all. For
example, in the proposal by Hall and Reginatto [111], non-linear coupling terms are predicted
to arise between quantum theory and gravitation at high curvature.

Experimentally, the search for quantum gravity effects should continue with intensity. Future
will tell whether new quantum gravity effects can be detected.

So far, all tests of the strand conjecture, also in the domain of gravitation, agree with data.

30 Predictions about the standard model Lagrangian

In the strand conjecture, elementary fermions are rational tangle families. They follow the Dirac
equation. Rational tangles can be classified; elementary particle tangles are made of two or three
strands, with a localized core. The quantum numbers of all fermions are the observed ones. Strands
imply that fermions have mass and that the fermion generations mix. Fermion tangles reproduce all
the matter terms of the standard model Lagrangian. Interactions are deformations of fermion tangle
cores due to elementary gauge boson exchange. Interactions can be classified using the Reidemeister
moves. Elementary gauge bosons can also be classified: they are made of one, two or three strands.
The properties of gauge interactions and gauge bosons – given in Figure 10 – reproduce all the field
terms of the standard model Lagrangian. The possible interaction vertices allowed by the particle
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tangles are illustrated in Figure 31 and Figure 32. The figures summarize reference [11] and reproduce
all the vertices of the standard model that were listed in Figure 1 at the beginning.

The tangles for the elementary fermions and bosons also limit the possible interaction vertices.
Reference [11] has explored every vertex that arises from the rational particle tangles, one by one, and
shown that additional vertices do not arise. The possible vertices are limited by the possible particle
tangles and by their possible deformations. Tangle topology prevents the appearance of additional
interaction vertices.

In addition, Section 23, like reference [11], showed that the coupling constants are independent
of particle type. Thus all coupling constants have identical values in all vertices. Therefore, strands
reproduce all the interaction terms of the standard model Lagrangian – provided that the particle–
tangle assignments are correct. Together, these arguments yield the result:

� The standard model results from tangle diagrams.

In more detail, the limited spectrum of rational tangle families and the limited spectrum of gauge
interactions imply:

Pr. 142 There is no physics beyond the standard model: no additional elementary particles and no
additional or more general interactions. This is the central prediction of the strand conjecture
in particle physics. Any effect beyond the standard model – equivalently, any propagator or
any interaction vertex not included in Figure 1, such as a vertex involving a new elementary
fermion or boson, or a triple-Z vertex – would falsify the strand conjecture.

Pr. 143 Strands imply and predict the lack of different vacuum states, of additional dimensions, of
regions with different fundamental constants, and thus of the multiverse.

Pr. 144 There is no physics beyond the Planck scale.

These predictions about the standard model all derive from the fundamental principle relating crossing
switches to the Planck units. So far, these predictions agree with all observations.

31 Completeness and further requirements

At this point, the results of the strand conjecture can be compared with the open problems of the
standard model of particle physics, such as those listed in references [2, 112, 113, 114, 115, 116].

Pr. 145 Strands claim observational completeness. The strand conjecture predicts the lack of ad-
ditional elementary particles, of additional quantum numbers, additional interactions, addi-
tional vertices, additional gauge symmetries, additional spatial dimensions, additional space-
time symmetries, additional energy scales, additional measurement methods, and of addi-
tional terms in the Lagrangian of the standard model. For example, strands imply the lack
of deviations between observation and theory, the lack of unknown elementary dark matter
particles, and the lack of fundamentally surprising phenomena in particle physics.
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Pr. 146 Strands claim conceptual completeness. The strand conjecture predicts that additional math-
ematical structures, additional concepts, or additional observables are not needed for the de-
scription of nature. For example, dark energy is described as the number of crossing switches
per time in the cosmic vacuum.

Pr. 147 Strands claim completeness of explanation. The strand conjecture predicts the lack of open
issues in fundamental particle physics. For example, the baryon–antibaryon asymmetry of
the universe is clarified in strand cosmology.

These predictions imply that the strand description of quantum aspects of nature is complete.
The strand conjecture also realizes a number of historic requirements. Strands provide a monis-

tic description of nature; this requirement has been formulated long ago, most notably by Spinoza.
Furthermore, the fundamental principle fits on a T-shirt. This was required, humorously, from any
complete description already long ago by Barrow [117] and by Lederman [118]. Finally, the descrip-
tion of nature with strands combines the views of Parmenides –“all change is an illusion” – and of
Heraclitus – “everything changes”.

In short, the strand conjecture predicts that the standard model of particle physics – with non-zero
neutrino masses – is simple, consistent, and – apart from the explanation of the fundamental constants
– already complete by itself. Though a few authors have voiced similar views [119, 120], most authors
disagree, including those of references [116, 121, 122, 123] and, in fact, most of the authors cited in
the bibliography.

32 Comparison with selected approaches to unification

The strand conjecture predicts the lack of grand unification, technicolor and supersymmetry, because
it does not allow larger gauge groups than those that are observed. The strand conjecture also does not
allow the existence of additional gauge bosons. However, the research literature contains additional
approaches to unification that are not based on other gauge groups.

A crossing switch can be seen as adding an internal space at each crossing. Several approaches to
unification also add internal spaces to physical space, with various dimensions and structural proper-
ties.

In Penrose’s twistor programme [21], the internal space is described by two complex numbers
at each point in space, thus extremely close to the geometry of a crossing. In Connes’ approach of
non-commutative geometry, a larger internal space is added at each point [22] that yields the gauge
interactions. In the octonion–aikyon approach by Singh, a four-dimensional internal space is assumed
at each point in space [125]. Various other models add more or less complex internal spaces. Using
a specific internal space has the advantage of limiting the particle spectrum, because such any fixed
space limits the possible representations.

Three aspects distinguish the strand conjecture from other approaches with internal spaces. First
of all, in the strand conjecture, the internal space only arises at crossings; and crossings appear and
disappear depending on strand fluctuations. In the strand conjecture, the internal space is thus not
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added at every point in space, but only at certain points in space at certain instants of time, namely
those which contain a crossing.

Secondly, in the strand conjecture, the internal space is not added separately, ab initio, but arises
from the fundamental principle. There is no additional assumption on the structure or on the properties
of the internal space. As a result, Planck limits arise automatically, and so do the particle families.

But a third point is most important. Because the internal space is not added ad hoc in the strand
conjecture, coupling constants are uniquely fixed and can be determined. It is true that numerical
relations between the coupling constants can be deduced for some models with internal spaces at
every point. However, it seems (though this impression might be wrong) that absolute values for
coupling constants can only arise in a unified model if the internal space is not a separate assumption
of the model. The same seems to hold (with the same caveat) for particle masses and mixing angles.

Other attempts to unification are not excluded by the arguments just given. For example, various
proposals have used knots, bands or lines as models for particles [69, 75, 76, 124, 126, 127, 128, 129,
130, 131, 132, 133, 134]. However, none of these proposals has yet explained or reconstructed the
standard model with its three particle generations and its three gauge groups at the same time.

Another group of unification attempts are the recent explorations of extended Clifford algebras
in the standard model [135, 136, 137, 138, 139, 140]. In this research field, the symmetries of the
standard model are brought together into one algebra, often without adding new particles, new inter-
actions or new fundamental constants. At present, it is not yet clear which Clifford algebra could be
the common algebra for the description of the standard model with its three generations of particles,
and what statements on the fundamental constants it would imply. No definite argument in favour of a
specific Clifford algebra has yet appeared. However, also in these attempts it is expected that finding
a common Clifford algebra will not specify all fundamental constants. The reason is that symmetries
alone do not specify a Lagrangian completely; for example, gauge symmetries do not specify the
gauge coupling constant; similarly, Poincaré symmetry does not specify particle mass or spin. Never-
theless, finding a common Clifford algebra has the chance to yield selected relations between certain
fundamental constants. In the strand conjecture, tangles, anti-tangles, spin-flipped tangles and tangles
from other particle generations are related by geometric deformations. These relations can most prob-
ably be described by a Clifford algebra; this algebra is more extended than the Clifford algebra of the
Dirac equation. This could lead to a productive exchange between the Clifford algebra approach and
the strand conjecture.

33 Outlook: the most stringent tests of the strand conjecture

The numbered predictions listed in this work are disappointing. All tests agree with data, but no
physics beyond the standard model is predicted, not even at Planck scale. Worse, the tests do not
prove the most counter-intuitive aspect of the conjecture: the idea that every particle in nature is
tethered.

Tangles and tethers are Planck-sized structures. Because experiments cannot reach Planck scales,
the proposed tangle structures cannot be tested directly. The tangle model can only be tested indirectly,
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by checking its implications at experimentally accessible scales. Given the ambition of the tangle
model, such tests must be especially numerous and particularly strict. Only the following tests appear
to be possible:

1. Does the strand conjecture predict the observed standard model Lagrangian?

2. Can a difference between experiment and the standard model be found? Can a new, unex-
plainable observation be found?

3. Do strand processes at interaction vertices predict the correct values for the coupling constants,
mixing angles and particle masses?

4. Do strands reproduce the known non-perturbative behaviour, e.g., of the strong interaction?

5. Can a modified model be constructed? Is an inequivalent ab-initio explanation of the elemen-
tary particle spectrum, of the interaction spectrum and of the fundamental constants possible?

The first test has already been answered positively: the Lagrangian of the standard model is recovered.
For example, strands explain why there are three generations and why protons have the same charge
as positrons. The strand conjecture appears to be the first and so far the only conjecture explaining
the number of the elementary particles and all their properties. For example, strands explain quantum
field theory, the gauge groups, the gauge interaction Lagrangians, the principle of least action, the
vanishing vacuum energy and the lack of a Landau pole. The strand conjecture appears to be the first
and so far the only conjecture explaining these properties of nature. However, the tangle–particle
assignments given above could be mistaken.

Concerning the second test, experiments have not yet discovered any deviation from the standard
model. But there remains a lot to be tested. Any future observation of an effect beyond the standard
model, or any observation exceeding a Planck limit, would falsify the strand conjecture.

The third test is still open, as the numerical estimates of all fundamental constants need to achieve
higher precision. The strand conjecture appears to be the first and so far the only conjecture allowing
to estimate the fundamental constants ab initio. For example, strands predict the normal neutrino mass
sequence and a rough value for the weak mixing angle, ab initio; and by explaining the fine structure
constant and the mass of the electron more precisely – and ab initio – strands will explain all colours in
nature. For example, strands predict the possibility to calculate quark masses and the strong coupling
constant, ab initio; and by doing so strands will explain the existence and the properties of atoms. The
inability to reproduce a single observed mass value, mixing angle or coupling constant at just one
four-momentum value would falsify the conjecture.

The fourth test has not yet been investigated, because sufficiently precise numerical predictions
of non-perturbative effects have not yet been deduced. There might be deviations between obser-
vations and the strand conjecture at extremely high energy. Any deviation from experiment in the
non-perturbative regime would falsify the strand conjecture.

Concerning the fifth test, the research literature implies a preliminary positive answer. Any mod-
ification of the strand conjecture that also agrees with observations would falsify the conjecture. In
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particular, showing the impossibility of tethers would falsify the strand conjecture. In fact, it is possi-
ble to state: Any alternative and inequivalent particle structure or description of nature that explains
the standard model Lagrangian and its constants would falsify the strand conjecture. So far, it appears
that no proposal in the literature deduced the predictions about the particle spectrum, the interaction
spectrum and the fundamental constants that are deduced from the tangle model.

34 Conclusion

In the strand conjecture, elementary particles are fluctuating rational tangles and interactions are tangle
deformations. This follows from a fundamental principle stating that crossing switches are observable
and define Planck units, whereas strands themselves are unobservable. The strand conjecture explains
the observed elementary particle spectrum as consequence of different rational tangle families and
the three observed gauge interactions as consequences of the three Reidemeister moves. The strand
conjecture appears to imply the full standard model of particle physics, with its complete, unmodified
Lagrangian. Perturbative and non-perturbative effects are described. The strand conjecture predicts
that there is no physics beyond the standard model – apart from the calculation of the fundamental
constants. A comprehensive list of over one hundred experimentally testable predictions has been
given. All appear to agree with data.

Surprisingly, (almost) none of the over one hundred predictions is made by any other approach to
particle physics. All of the listed predictions are consistent: they follow from just one fundamental
principle.

No aspect of the standard model remains unexplained. In particular, the strand conjecture appears
to determine the value of the fundamental constants: masses, mixing angles and coupling strengths.
Crude ab-initio estimates for the fine structure constant and for fermion masses have been deduced.
More precise calculations can and will be achieved either with numerical simulations or with better
analytical approximations. Even though strands also imply general relativity, gravity is predicted to
play only a minor role in the standard model: gravity determines the Planck scale values and the
running of the fundamental constants.

The strand conjecture is simple, consistent, complete and hard to vary. If the strand conjecture
is not falsified, and if the calculations of the constants agree with measurements, then the simplicity,
consistency and completeness – in short, the elegance – of the standard model of particle physics will
become manifest. In that case, Figure 19 and Figure 20, taken together, would depict – if the tangle
assignments are correct – the periodic tangle table of elementary particles. And the standard model
would be shown to follow from a few lines.
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