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Article Abstract
Mass is not the amount of stuff in an object, and the mass of ordinary matter is not mainly given to it by
the Higgs field. Invariant mass is a property of a whole system, defined from its total energy and
momentum, and it is not additive: a bound system generally has less mass than its separated parts, and
a hot body more than a cold one.[1] The proton illustrates both points. Its quarks carry only a small
fraction of its mass; the rest comes from the energy of the strong interaction binding them, as lattice
calculations from first principles now confirm.[4] This article separates invariant mass from the
obsolete relativistic-mass usage, states what the Higgs mechanism actually accounts for, and closes on
the tested equality of inertial and gravitational mass.[3,5]

In 60 Seconds
In special relativity a system's energy and momentum depend on the frame, and the combination that
does not is its invariant mass. Okun argued that this single quantity should carry the name and that
velocity-dependent mass should be dropped, because keeping it invites the false picture of an object
becoming more massive as it speeds up when what changes is its energy.[1] Einstein's 1905 result is then
read correctly: a body that emits energy loses mass, so mass is a measure of energy content rather than
a substance convertible into energy.[2] Ordinary matter makes the point vividly. Lattice quantum
chromodynamics computes hadron masses from first principles and finds that most of the proton's mass
is the energy of the gluon field and the motion of its quarks, not the quark rest masses.[4] The Higgs
mechanism accounts for the masses of the weak gauge bosons and, through separate couplings, of the
elementary fermions, which is a much smaller share of the mass around you.[3,6]

Why This Question Matters
Two claims about mass are repeated everywhere and both are wrong in ways that matter. The first is
that E = mc squared describes matter turning into energy, which mistakes an identity for a conversion
process. The second is that the Higgs field gives things their mass, which is true for elementary particles
and false for the atoms making up a person, where the great majority of the mass is binding energy.
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Correcting them is not pedantry: the first controls how nuclear energy is explained, and the second
determines whether the Higgs discovery is understood at all.

1. Invariant Mass Belongs to a System

In special relativity, energy and momentum are frame-dependent, and the invariant combination
of them is the mass of the system. It is the same for every inertial observer, which is what makes it
a property of the system rather than of a description of it.[1]

It is also not additive. Two photons, each massless, form a system with nonzero invariant mass if
they travel in different directions, because the momenta partly cancel while the energies add. A
bound nucleus weighs less than its separated nucleons by the binding energy divided by the speed
of light squared. A hot brick has slightly more mass than the same brick cold.[1]

Okun's argument was that the word should be reserved for this invariant, and that relativistic
mass, a quantity growing with velocity, should be abandoned. Retaining it produces the impression
that speed makes an object more massive in some intrinsic sense, when what changes is its energy
in a chosen frame, and the invariant is untouched.[1]

Where That Leaves Us
Invariant mass is the frame-independent combination of a system's energy and momentum, and it is not
additive: binding lowers it and internal energy raises it. Reserving the word for the invariant avoids the
impression that speed makes things heavier. That framing also settles what the most quoted equation in
physics is actually asserting.

2. What E = mc Squared Says

Einstein's short 1905 paper asks whether a body's inertia depends on its energy content and
concludes that a body emitting radiation loses mass in proportion to the energy emitted.[2] The
relation is stated as an equivalence between mass and energy content, not as a recipe for turning
one substance into another.

Read that way, familiar cases become straightforward. A nuclear reactor does not annihilate
matter: it converts a system with more binding energy into products with less, and the mass
difference appears as kinetic energy and radiation. Nothing was destroyed; the accounting was
rearranged, and the mass deficit measures how much.

The equation also has a scope that is regularly overstated. In the form usually quoted it gives the
rest energy of a system, and the general relation includes momentum. A photon has zero mass,
measured to be consistent with zero to better than 1 x 102-18 eV,[6] and nonzero energy, which is
impossible if the quoted form is treated as a universal definition of energy.[1] The full relation
covers both cases; the abbreviated one does not.

Where That Leaves Us
Einstein's result says a body that emits energy loses mass, which makes mass a measure of energy
content rather than a substance convertible into energy. The commonly quoted form gives rest energy
only, and massless particles carrying energy show why the general relation is needed. That leaves the
question of where the mass of everyday matter actually resides.
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3. Where Ordinary Mass Comes From

Almost all the mass of ordinary matter is in atomic nuclei, and almost all of that is in protons and
neutrons. So the question of what makes up your mass is largely the question of what makes up a
proton's.

The answer is not its quarks. The up and down quark masses are tiny compared with the proton,
and the great majority of its mass comes from the energy of the strong interaction: the gluon field
and the kinetic energy of the confined quarks.[4] This is the previous section's principle at work,
since that energy contributes to the invariant mass of the bound system exactly as the relation
requires.

The claim is calculated rather than asserted. Durr and colleagues computed light hadron masses
from the underlying theory using lattice methods, with the quark masses and one overall scale as
the only inputs, and reproduced the observed spectrum.[4] That is a first-principles confirmation
that the mass of ordinary matter is predominantly interaction energy.

Where That Leaves Us
Most of the mass of ordinary matter is the energy of the strong interaction inside protons and neutrons
rather than the rest masses of quarks, and lattice calculations reproduce the hadron spectrum from the
theory to demonstrate it. That result also fixes the scope of the mechanism most often credited with
giving things mass.

4. What the Higgs Mechanism Accounts For

Higgs showed how gauge bosons can acquire mass without spoiling the gauge symmetry of the
theory, through a field with a nonzero vacuum expectation value.[3] The phenomenon is
conventionally called spontaneous breaking of the gauge symmetry, and the name has to be read
carefully. A local gauge symmetry does not spontaneously break in the gauge-invariant sense, and
what can break once a gauge is fixed is a remnant global subgroup of it.[7] Reading that result as
showing the symmetry to be a redundancy of description rather than a feature of the physical state
is this article's own framing, shared with IDE-005. The gauge-invariant content is that the gauge
bosons become massive. In the Standard Model this accounts for the masses of the W and Z bosons,
and the same field gives the elementary fermions their masses through separate couplings whose
strengths are free parameters fitted to measurement.[6]

What it does not account for is most of the mass in the room. The electron's mass does come from
its coupling to the Higgs field, and so do the small quark masses, but those quark masses supply
only a small fraction of a proton's.[4,6] The mechanism explains why elementary particles have
mass at all in a theory that would otherwise forbid it, which is a different and more specific
achievement than the popular summary suggests.

The distinction is worth keeping because it locates the real content of the discovery. Finding the
Higgs boson confirmed a specific mechanism for a specific problem in the Standard Model. It did
not explain where your weight comes from, and saying otherwise makes the actual result harder to
state.

Where That Leaves Us
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The Higgs mechanism accounts for the masses of the weak gauge bosons and, through separate
couplings, of the elementary fermions, which is why particles have mass in a theory that would
otherwise forbid it. It does not account for most of the mass of ordinary matter. One property of mass
has still not been touched: that the same quantity governs inertia and gravity.

5. One Quantity, Two Roles

Mass appears twice in classical physics: as the resistance to acceleration, and as the source and
receiver of gravitation. Nothing in Newtonian mechanics requires these to be the same number,
and yet experiment finds them equal to extraordinary precision.[5]

That equality is the weak equivalence principle, also called the universality of free fall, and it is the
first step of a hierarchy rather than the whole of it.[5] Adding that the outcome of any local non-
gravitational experiment is independent of the velocity and of the place of the freely falling
laboratory gives the Einstein equivalence principle, which is what licenses the geometric
description of gravity; extending the same statement to self-gravitating bodies and to gravitational
experiments gives the strong form, which general relativity satisfies and most alternatives do not.
Tests across that hierarchy are among the most important experiments in physics, and they
continue because a violation at any level would be evidence of new physics.

This closes the article where it began. Mass is not a measure of how much matter is present; it is a
single invariant that quantifies a system's energy content in its rest frame, arises mostly from
interaction energy in ordinary matter, and governs both inertia and gravitation. Each of those is a
measured claim rather than a definition.

Where That Leaves Us
Inertial and gravitational mass are equal to extraordinary experimental precision, which is the weak
equivalence principle and the first step of a hierarchy whose Einstein form is what licenses the geometric
theory, so tests continue at every level. Mass is therefore one invariant playing two roles rather than a
measure of quantity of matter. IDE-023 turns from what is measured to what measuring is.

What We Know, and How

e Invariant mass is the frame-independent combination of a system's energy and momentum and
is not additive: binding energy lowers it and internal energy raises it.[1]

¢ Einstein's 1905 result states that a body emitting energy loses mass, so mass measures energy
content rather than naming a substance that converts into energy.[2]

e Most of the mass of a proton comes from strong-interaction energy rather than quark rest
masses, and lattice calculations reproduce the light hadron spectrum from the theory with
quark masses and one scale as inputs.[4]

e The Higgs mechanism accounts for the masses of the weak gauge bosons and, through separate
couplings, of the elementary fermions;[3,6] a local gauge symmetry does not break in the gauge-
invariant sense, and what can break once a gauge is fixed is a remnant global subgroup;[7]
inertial and gravitational mass are experimentally equal to very high precision, which is the
weak equivalence principle.[5]
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What We Still Don’t Know

e  Why the fermion couplings to the Higgs field, and hence the elementary particle masses, take
the values they do, which the Standard Model parameterizes rather than explains.[6]

e  Whether neutrino masses arise by the same mechanism as the other fermions or require
additional structure, which remains open.[6]

e  Whether the equality of inertial and gravitational mass holds exactly, which continuing
experiments test at ever finer precision without a theoretical guarantee.[5]

What Could Change Our Minds

e A measured violation of the equality of inertial and gravitational mass, above the sensitivity of
current tests and reproduced independently, would falsify the weak equivalence principle and
with it the foundation of the geometric theory.[5]

e Alattice calculation from the established theory that failed to reproduce the observed hadron
spectrum with controlled systematic and discretization errors would undermine the account of
ordinary mass as interaction energy.[4]

¢ Ademonstrated case in which the invariant mass of an isolated system changed with the
observer's frame, correctly measured, would contradict the definition of mass used throughout
relativistic physics.[1]

If You Remember Only One Thing

Mass is a system's invariant energy content, not its quantity of matter, and most of yours is the energy of
the strong interaction rather than anything the Higgs field supplied.

Related Articles

e IDE-023 — What Is Observation?
e IDE-020 — What Is a Particle?
e IDE-021 — What Is a Field?
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