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Dissecting the Mass of the Proton

A calculation determines four distinct contributions to the proton mass, more than 90% of
which arises entirely from the dynamics of quarks and gluons.

by André Walker-Loud*

early all the mass of known matter is contained

within protons and neutrons—the particles that

make up the nuclei of atoms. But how do the

protons and neutrons acquire their mass? Each of
these particles, or “nucleons,” is composed of a dense, froth-
ing mess of other particles: quarks, which have mass, and
gluons, which do not. Yet the quark masses only add up to a
mere 1% of a proton or neutron’s mass, with the bulk of the
proton mass coming purely from the motion and confine-
ment of quarks and gluons. Yi-Bo Yang of Michigan State
University, East Lansing, and colleagues have now quan-
tified, for the first time, four separate contributions to the
proton’s mass with a calculation based on quantum chro-
modynamics (QCD), the fundamental theory of the strong
interaction in the nucleus and a cornerstone of the standard
model of particle physics [1]. While this four-part decompo-
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Figure 1: The proton is comprised of two up quarks and one down
quark, but the sum of these quark masses is a mere 1% of the
proton mass. Using lattice QCD, Yang and colleagues determined
the relative contributions of the four sources of the proton mass
[1]. (The cumulative contributions in MeV/c? are shown on the
dark green rectangles.) (APS/Alan Stonebraker)
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sition has been known for more than 20 years [2], physicists’
understanding of it has been only qualitative.

The quarks that make up the proton and neutron are
fundamental particles, which get their masses through the
Higgs mechanism. The same mechanism doesn’t explain the
mass of the proton, which is comprised of two up quarks
(24 MeV/c? each) and one down quark (5.0 MeV/c?) [3].
Clearly, the sum of these three masses falls far short of the
actual proton mass, 938.27 MeV/c2. Now, quantum me-
chanics tells us there is also mass (or equivalently, energy)
associated with the confinement of the quarks into the pro-
ton, whose diameter is about 10~!> m. Using an uncertainty
principle argument, the confined position of the particles
translates into a large momentum and should add about
300 MeV /c2—in the right ball park of the proton mass but
still too small. (Similar arguments apply to the neutron,
which is comprised of two down quarks and an up quark.)

In fact, accurate standard model predictions of both the
proton and neutron mass have existed for a decade [4]. At
the low energies relevant to a nucleus, these masses can be
predicted from just three parameters: an overall mass scale,
which is dynamically generated in QCD, and the up and
down quark parameters. The proton and neutron masses
are known much more precisely from experiment than will
ever be possible from standard model predictions. However,
physicists would like to understand how the masses emerge
from QCD, much the same way they can predict the spec-
trum of hydrogen from quantum theory.

Yang and colleagues have done just this, determining for
the first time the various contributions to the proton mass
that arise from quark and gluon dynamics [1]. The re-
searchers rely on a powerful method known as lattice QCD,
which places quarks on the sites of a lattice and gluons on
the links between them. This rigorous representation of
QCD can be implemented numerically, and it is the only
QCD-based method that can make quantitative predictions
on length scales comparable to the proton or larger. (At these
scales, the interactions between quarks and gluons are so
strong, they cannot be handled with Feynman diagrams and
other “perturbative” methods.) However, lattice QCD is an
expensive technique. The discretization creates errors, and
to remove them entails taking the lattice spacing, a, to zero.
This step is achieved in practice by performing multiple cal-
culations at different values of 4, at a high numerical cost
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that scales as a®. Nevertheless, lattice QCD has matured
significantly in recent years, allowing for the most precise
determination of the quark masses [5] and many proper-
ties of light and heavy mesons [3], which are comprised of
a quark and an antiquark.

A three-quark particle like the nucleon is exponentially
more complicated for lattice QCD, and successful calcula-
tions, with all sources of uncertainty controlled, have been
rare. In their work, Yang and collaborators overcome some
of the complications by using new computational methods
that they, along with others, developed [6-8]. These ad-
vances enabled them to compute the contribution to the
proton mass from four sources [2] known as the quark con-
densate (~9%), the quark energy (~32%), the gluonic field
strength energy (~37%), and the anomalous gluonic contri-
bution (~23%) (Fig. 1). The smallest contribution, the quark
condensate, is a mixture of the up and down quarks and a
“sea” of virtual strange quarks, and it is the only one that
would vanish if the quark masses were zero. The other
three terms are all related to the dynamics of the quarks
and gluons and their confinement within the proton. The
quark energy and gluonic field strength equate to the kinetic
energy of the confined quarks and confined gluons, respec-
tively. The anomalous term is a purely quantum effect. It
is associated with the QCD mass scale and consists of con-
tributions from condensates of all quark flavors, including
the strange, charm, bottom, and top quarks. The calcula-
tion by Yang and colleagues shows that, if the up, down,
and strange quark masses were all zero, the proton would
still have more than 90% of its experimental mass. In other
words, nearly all the known mass in the Universe comes
from the dynamics of quarks and gluons.

Physicists have long wanted to understand the emergence
of the nucleon mass in terms of the standard model, and
the findings from Yang and co-workers are an important
contribution to that goal. Their work and other works
like it also signify a new era, in which our understanding
of nucleons is increasingly shaped by quantitative predic-
tions based on lattice QCD. Just this year, researchers used
lattice QCD to determine the nucleon axial charge, a ubiq-
uitous quantity in nuclear physics, with an unprecedented
1% precision [9]. Lattice QCD, coupled with powerful an-
alytic methods for simplifying QCD calculations, will lead
to a better understanding of the substructure of the nucleon
[10], which is being explored at various colliders around the
world and would be one focus of a proposed machine called
the Electron-lon Collider. Ultimately, the hope is that lattice

QCD can be applied to a nucleus (multiple nucleons). Nu-
clei are used as detectors in several experimental searches
for beyond-standard-model physics, such as dark matter, a
permanent electric dipole moment, and neutrinoless double-
beta decay. Interpreting these experiments will require a
quantitative understanding of nuclear physics that is rooted
in the standard model. This sort of complex problem is
increasingly in the realm of lattice QCD thanks to the avail-
ability of the near-exascale computers, Sierra and Summit,
which are coming online now and are 10 to 15 times more
powerful than even those used by Yang and co-workers.

This research is published in Physical Review Letters.
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