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At its most fundamental level, strongly interacting mat-
ter consists of light, pointlike quarks and powerful gluon
fields.  For example, the proton is built from two up quarks,
a down quark, and an infinite number of quark-antiquark
pairs and gluons.  The theory of the interactions among
these “partons” is called quantum chromodynamics
(QCD).  The partons interact by exchanging gluons, and the
masses of the proton and the neutron are due mainly to the
gluon fields.  A nucleon (a proton or a neutron) might there-
fore be visualized as shown at right—a seething ensemble of
a large and ever-changing number of constituents.  Atomic
nuclei, being largely composed of protons and neutrons, are
likewise bound systems of quarks and gluons.  A major aim
of nuclear experiments through the next decade will be to
take more detailed “snapshots” of this structure at various
levels of resolution.

The fundamental quark and gluon structure of strongly
interacting matter is studied primarily by experiments that
emphasize hard scattering from the quarks and gluons at
sufficiently high energies.  Two important ways of probing
the distribution of quarks and antiquarks inside nucleons
are shown on the facing page.

In the first, an electron (or a muon, a heavier cousin of
the electron) scatters from a single quark (or antiquark) and

regime of QCD is essential for understanding the antiquark
distributions.  These experiments have a direct bearing on
other probes of the sea of quark-antiquark pairs, for exam-
ple, the sea of strange quarks that are studied in parity-
violating electron scattering.

The biggest uncertainty in the parton distributions of the
proton lies in understanding the distribution of the glue.  As
the resolving power of a nucleon probe gets finer (or, equiv-
alently, as Q2 gets larger), the number of gluons is found to
grow substantially.  Experiments show that approximately
half of a nucleon’s mass and half of its momentum are due to
the gluons, rather than the quarks.  Hadron-hadron colli-
sions are especially sensitive to the glue, and the determina-
tion of the gluon distributions of the proton and the nucleus
at higher x are important goals of the RHIC experiments
discussed below.
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Inside the nucleon. Within the theory of QCD, the nucleon has a
complex internal structure, consisting of three valence quarks (large
dots), which are continually interacting by the exchange of gluons
(depicted as springs in this schematic picture).  In contrast to the
photons that are exchanged between electric charges, gluons inter-
act not only with the valence quarks, but also with each other, cre-
ating and destroying gluons and quark-antiquark pairs (small dots).

Hard Scattering—Probing the Structure of Matter
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Figure 2.4. Data from HERMES (DESY) and E866 (Fermilab).  The
difference in the distributions of d

-
and u- antiquarks in the proton

depends on the fraction x of the proton’s momentum carried by the
antiquark.  The shape of this distribution signals the influence of
fluctuations of the proton into a neutron and a π+ meson.

transfers a large fraction of its energy and momentum to the
quark via a photon (shown as a squiggly line).  Such deep
inelastic scattering measurements carried out with high-
energy beams have been the primary source of experimental
information on the quark and gluon structure of matter.


