VIEWPOINT

Spinning Gluons in the Proton
Computer simulations indicate that about 50% of the proton’s spin comes from the spin of
the gluons that bind its quark constituents.
by Steven D. Bass∗
article physics experiments conducted at the CERN,
DESY, JLab, RHIC, and SLAC laboratories have revealed that only about 30% of the proton’s spin is
carried by the spin of its quark constituents [1]. This
discovery has inspired a 30-year global program of dedicated experiments and theoretical activity to understand the
internal spin structure of the proton. But there are several
questions. Why is the quark contribution to the proton’s
spin so small? How much of the proton’s remaining “spin
budget” is contributed by gluons, the particles that mediate
the strong force between quarks (Fig. 1)? And how much is
contributed by orbital angular momentum? Yi-Bo Yang from
the University of Kentucky, Lexington, and colleagues now
present the first theoretical calculation of the gluon contribution to the proton’s spin that uses state-of-the-art computer
simulations of quark-gluon dynamics on a spacetime lattice
[2]. Their new result suggests that gluon spin constitutes a
substantial fraction of the proton’s spin.

P

Protons behave like spinning tops. But unlike the classical
spin of a top, the spin of the proton and of other elementary
particles is an intrinsic quantum phenomenon. This spin
is responsible for many fundamental properties and phenomena, including the proton’s magnetic moment and the
phases of low-temperature matter.
The proton is described in quantum chromodynamics
(or QCD, the theory of quarks and gluons) by an inner
core of three confined valence quarks and a sea of virtual
quark-antiquark pairs and gluons, all surrounded by a diffuse cloud of virtual pions (light-mass bound states of a
quark-antiquark pair). The relativistic motion of all of these
particles means that they each carry orbital momentum. The
spin of the proton is built up from the intrinsic spin of the valence and sea quarks (each 1/2) and the gluons (spin 1) and
their orbital angular momentum, where spin is measured in
units of Planck’s constant divided by 2π. The proton spin
puzzle is the challenge to understand how these contributions combine to yield the total spin 1/2 of the proton.
High-energy particle-scattering experiments have found
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Figure 1: The spin of the proton is built up from the intrinsic spin
and orbital angular momentum of its quark and gluon constituents.
(APS/Alan Stonebraker)

that the quark contribution to the proton (30%) comes entirely from the valence quarks; there’s just a very small
contribution from the quark-antiquark sea [1]. The quark
spin content deduced from these experiments could be so
small for several reasons. First, the act of putting a relativistic particle, such as a quark, in a confining cavity, as is the
case in the proton, generates some shift of total angular momentum from spin to orbital contributions. Second, gluon
spin can screen the total quark spin contribution through a
quantum effect called the axial anomaly [3]. Third, a topological effect can delocalize the quark spin inside the proton
so that it is, in part, invisible to scattering on individual and
localized quarks.
The study of the gluon spin, which is the focus of Yang and
colleagues’ work, is useful in understanding both its share in
the total spin budget and the size of the axial-anomaly effect.
Experiments in the last decade at CERN and RHIC have pro-
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vided valuable information on the proton’s gluon spin. The
spin and orbital contributions to the proton’s spin depend
on how deeply one probes inside the proton: what appears
as a single valence quark at low resolution emerges at higher
resolution as a valence quark surrounded by a sea of quarkantiquark pairs and gluons. These gluons will carry spin
and orbital angular momentum. When one probes deeper
inside the proton, and thus sees a greater number of gluons, the angular momentum summed over all of the proton’s
constituent particles is always conserved. At the resolution
scale of the experiments, one finds that gluons that carry
more than 5% of the proton’s regular momentum contribute
about 0.2 ± 0.05 units of spin to the spin-1/2 proton [4]. Early
QCD-inspired models of the proton’s spin structure [5] and
an early QCD spacetime lattice calculation [6] had suggested
a gluon spin contribution of less than about 1 at the same
scale, less accurate than present experiments.
In their study, Yang and co-workers have calculated the
gluon spin contribution on a spacetime lattice using stateof-the-art computer simulations of QCD. The lattice calculations involve quarks with realistic small quark masses, close
to their physical values, which is a major improvement on
earlier work. They find a total gluon spin contribution of
about 0.25 ± 0.05 at the same resolution scale as the experiments. Their number comes from gluons carrying the full
range of regular momentum in the proton. Gluon spin at
this resolution thus contributes about 50% of the proton’s
spin—a substantial chunk of the total spin budget. This
gluon spin contribution is, however, too small to play a major role in screening the size of the quark spin contribution
through the axial-anomaly effect.
How does this result fit with our knowledge of the quark
spin contribution? QCD-inspired models [7] and lattice
calculations [8] of the quark spin contribution suggest a
very small contribution from the sea quarks to the proton’s
spin, in agreement with experiments. The small valencequark spin contribution can be explained within the best
present theoretical errors in terms of a shift of total angular momentum from the valence quarks into orbital angular
momentum in the pion cloud. Taken together, the results
on the quark and gluon contributions to the proton spin
yield a self-consistent picture of the proton’s spin, based on
the spin of the valence quarks, the gluon spin, orbital angular momentum (including that of the pion cloud), and
perhaps an additional topological contribution. It is re-
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assuring that QCD-inspired models, computational lattice
calculations, and experimental data for both quarks and gluons give results in the same ballpark. With ever-improving
computational power and techniques, one looks forward to
having full calculations of the complete quark and gluon
spin and orbital contributions to the proton’s spin from each
theoretical group and lattice technique.
On the experimental side, more accurate information will
hopefully follow from the electron-ion collider that is proposed for construction at either Brookhaven National Laboratory or at Jefferson Laboratory in the U.S. This project
would allow one to measure the spin contribution from gluons carrying as little as 0.1% of the proton’s momentum
(a 50-fold improvement over present experiments) with an
error of about 0.05, as well as to make detailed studies of
observables dependent on quark and gluon orbital angular
momentum [9].
This research is published in Physical Review Letters.
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