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What Gives Matter
its Mass?
The Higgs Boson and 
the Standard Model of
Particle Physics

Lynn Punnoose

S
cientists and philosophers have labored since ancient times to reduce matter to its basic

constituents and to determine its fundamental properties. This drive to understand the

universe by simplifying it is exemplified by the Standard Model of particle physics, which

describes the particles that make up matter and the forces that act upon them.

While most of the particles in the Standard Model have been observed and

described, the one particle that gives matter that property which many of us

have supposed inherent –mass–has not yet been “seen.” This particle is called

the Higgs boson, and the field in which it acts the Higgs field.

The Standard Model includes three of the four known forces in nature: elec-

tromagnetic, nuclear weak and strong nuclear forces. Gravity is not included in

the model because unifying the Standard Model (quantum physics) with grav-

ity–and general relativity–requires a plausible explanation of the vast disparity in “energy scales”

between the two.1 While the gravitational, strong, weak, and electromagnetic forces display simi-

lar strengths at particle energies of 1016 to 1018 GeV (billion electron volts), the energy scale for the

unified electromagnetic and weak forces (electroweak force) is only 100 to 200 GeV.1, 2

The three forces presented in the model act upon particles through force “carriers”3 called

bosons. In other words, the effects of any of these forces can be thought of as being transmitted not

through a field, but rather through particles.4 The Heisenberg uncertainty principle, which states

that one cannot accurately measure both the position and the momentum of a particle at the same

time,supports this idea of force being transported from one point to another by particles that can exist

for very short periods of time.5 A corollary of the Heisenberg uncertainty principle is that energy can-

not be measured accurately during a very short specified time interval. The resulting large error in

measurement allows for the “nonconservation” of energy and for this energy to contribute to the 
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creation of a particle–the force carrier.The mass of
the particle is directly proportional to the energy
required for its creation and inversely related to the
time interval during which it can exist. Therefore,
more massive bosons can carry their respective
forces only for short times and over short ranges.5

However, the various bosons are not the only
particles represented in the Standard Model. The
forces carried by the bosons act on quarks and lep-
tons,the building blocks of matter.The leptons,of
which the electron is one type,are elementary par-
ticles upon which the strong nuclear force has no
effect. There are six leptons: the electron, muon
and tau particles and their associated neutrinos.
The range of masses for these particles is quite
large. For example, the mass of the muon is 200
times that of the electron.6 In addition to the lep-
tons, six quarks are also included as fundamental
particles of matter: the up, down, charm, strange,
top and bottom quarks. The top quark, the heav-
iest of the six,is approximately 350,000 times more
massive than the electron.1 Each of the leptons and
quarks also has an antiparticle, which is a particle
with identical mass and opposite charge.7

The ultimate goal in particle physics is to find
the one model that unifies all four of the forces
present in nature with Einstein’s theory of gener-
al relativity. Perhaps the first step in this direction
was the attempt to unify the electromagnetic and
weak forces into one,called the electroweak force.
The quantum electrodynamic theory (QED),
developed by Richard Feynman, Sin-itiro
Tomonaga, and Julian Schwinger in the 1940s, 10
postulated that the massless photon is the “mes-
senger particle”4 that transmits the electromag-
netic force, which acts as an attractive force
between opposite charges and a repulsive one
between like charges. The electromagnetic force
weakens quadratically with increasing distance
between charged particles.

The weak force, in contrast to the electromag-
netic force,acts between particles by means of not
one, but three bosons. Since the force acts only
over a short range, these force carriers are corre-
spondingly massive.In beta decay,for example,the
W– boson acts as an intermediary in the decay of
a neutron into a proton, an electron and an anti-
neutrino, or more specifically, the conversion of a
down quark into an up quark with the release of
an electron and an antineutrino. Similarly, con-
versions of up quarks into down quarks require
the action of W+ bosons.11 A third boson, which
mediates another kind of interaction called neu-
tral currents, was discovered by the early 1980s.
This would be the photon’s counterpart among the
weak force bosons.Neither of the W bosons fit the
bill,because they both have charge and the photon
has no mass although it is neutral. The Z0 boson,
on the other hand,was found to have a large mass,

similar to the W bosons,but zero charge.This par-
ticle mediates the collision of a neutrino and an up
quark, in which the weak force is involved.While
no new particles are generated in this collision,the
Z0 boson is responsible for transmitting the force
from the neutrino to the up quark (which is part
of a neutron or a proton).11

The observed Z0 boson and the photon are
results of the mixing of two neutral force carriers
of the electroweak force.Sheldon Glashow,Abdus
Salam, and Steven Weinberg, who were awarded
the Nobel Prize for their model of the electroweak
force, theorized that the neutral bosons–B0 and
W0–in addition to the charged W+ and W– bosons
were responsible for carrying the electromagnet-
ic and weak forces between particles.12

Unlike the electroweak force, the strong inter-
action between quarks acts to draw them togeth-
er and obtain a “color”of white,8 creating hadrons
such as neutrons and protons. According to the
quantum chromodynamics theory (QCD), each
quark can have one of three different “colors,” in
addition to its electrical charge. A proton, for
example, is made of two up quarks and one down
quark, while a neutron consists of two down and
one up quarks. Eight gluons are involved as carri-
ers of this force. Each of the gluons, which carry
two colors, are responsible for changing the color
of the quarks with which they interact. The ener-
gy required to separate two quarks is very high,
since the strong force increases in magnitude as
distance between the particles grows. Even before
the quarks present, say, in a proton or neutron,
detach from each other, enough energy has been
created for the generation of a quark and an anti-
quark. It is thus very difficult to observe a free
quark.9

However,the large disparity in masses between
the bosons disrupted not only an aesthetic
requirement for symmetry in the universe13, but
also the principle of gauge symmetry.Gauge sym-
metry requires that the measurement of a particle’s
or a wave’s position remain unchanged regardless
of a change in its phase, or where in space time it
originates. This theory is successful in predicting
the photon and its characteristics.12 However, the
large masses of the W+, W– and Z0 bosons break
the gauge invariance and thus the model for the
unification of weak and electromagnetic forces
which is based upon it.13 In particular, theorists
found that the theory predicts the probability of
the two W bosons colliding to be greater than one,
a statistical improbability.2

That is, until the Higgs particle enters the pic-
ture. Weinberg theorized that the bosons begin
with no mass and only gain it upon interaction
with the Higgs field. The gauge symmetry is thus
preserved for the electroweak force and is “hidden”
by the Higgs field,which gives it mass.14 Mass is not
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thought to be an inherent property of matter, but
rather a characteristic acquired, like velocity,
through interaction with a force.14 The precise
mechanism by which the field accomplishes this
task is unknown. The Higgs field is a scalar
one–that is, the force acts on particles irrespective
of their spin,or direction.1 It is believed that mass-
less particles–both matter particles and force car-
riers–“eat”2 the Higgs boson and gain mass.
However, the interactions of quarks and leptons
with the Higgs boson require the presence of con-
stants so that their masses can be calculated.Inter-
estingly,for the top quark,the value of this param-
eter is almost one. This, in addition to the great
mass of the top quark,suggests that it has a signif-
icantly different role in the Standard Model than
do the other quarks and leptons.15 The force car-
ried by the Higgs boson, postulated to be the fifth
force present in nature,interacts with different par-
ticles to different degrees, thus giving each one a
different mass.2 The reason for this lack of unifor-
mity is unknown. In addition, the cause of the
Higgs boson’s mass itself has not been determined,
although it may be largely due to the Higgs force.2

The simplest hypothesis for the Higgs mecha-
nism,which unifies the electromagnetic and weak
forces, describes only one Higgs field. However, a
unification scheme that includes the strong force,
called the SU(5)2, requires additional force carri-
ers and forces1–and a second Higgs field to
account for the masses of these new bosons.A fun-
damental unification theory, supersymmetry,
takes gravity into account as well.This theory pos-
tulates the existence of many more particles that
gain mass from their interactions with new forces
at energies much lower than 1016 GeV.1 Five of the
new particles proposed in the theory of super-
symmetry are Higgs bosons.16 The particles of the
Standard Model would interact with these hypo-
thetical particles to acquire their masses.1 It is
important to emphasize, however, that both the
model postulating one Higgs boson and the more
complicated ones have yet to be proven by exper-
imental evidence.22

The Higgs boson must be found and its mass
determined. Experiments to find the boson at the
Large Electron Positron (LEP) Collider in CERN,
the Center for Nuclear Research in Geneva,
Switzerland,involved the collisions of electron and
positron beams at energies of 200 GeV. The ener-
gy resulting from these collisions was expected to
be sufficient for the generation of one Z0 boson
and a Higgs boson.While these bosons would not
be directly observed, scientists looked for their
decay particles, quarks and antiquarks, in four
streams of particles observed by detectors. These
detectors consist of many sensors and scintillation
counters, among other materials, which record

information about collisions such as particles’tra-
jectories, energies, and charges.16, 17 However,
detectors must first decide which collisions have
produced significant results worth recording. If
the results of a collision meet previously set con-
ditions, such as the production of a certain num-
ber of streams of particles, or a high amount of
energy, the detector records information about
that particular interaction.17

The Higgs boson specifically decays into bot-
tom and antibottom quarks, and researchers at
CERN searched for evidence of these streams in
the aftermath of electron-positron collisions.18 But
data from the four experiments carried out so
far–ALEPH, DELPHI, L3 and OPAL–showed no
evidence of the boson. When the researchers
increased the colliding beams’energies to 103 GeV
each19 and then examined the tracks left by parti-
cles formed in the collisions, they found the char-
acteristic decay products of the Higgs boson.
Experiments last September and October deter-
mined that the mass of the boson is 115± 1 GeV,
or at least not less than 113 GeV. The probability
that the tracks,which researchers believe are left by
the Higgs boson decays, arose from other back-
ground events is almost 1 in 1,000.18 Although this
seems to be a rigorous standard, in physics scien-
tists must gather enough data to reduce this prob-
ability to less than or equal to one in 105 before the
data will be accepted as definitive evidence of the
Higgs boson.20

However, the particle accelerator at CERN has
been shut down so that work on the Large Hadron
Collider (LHC) can be completed by 2005. More
information on the Higgs boson must therefore
come from Fermilab in the United States,current-
ly housing the most powerful accelerator in the
world–the Tevatron,which can accelerate particles
to energies of almost 1TeV (trillion electron
volts)21 and which, unlike the LEP, uses colliding
beams of protons and antiprotons. However, the
LHC,when it is completed,will be able to acceler-
ate particles to seven times this energy.18 Thus, if
the Higgs particle is not found at the Tevatron,and
if it exists, it will most likely be discovered at the
Large Hadron Collider, where beams of energy
sufficient for its generation can be made to collide.

The Higgs boson represents not the comple-
tion of the Standard Model but a road to its
improvement. Scientists need to determine not
only the physical characteristics of this particle,
but also its role in particle physics.They must also
develop and test models that include all four
known forces of nature, unlike the Standard
Model. Finding the Higgs Boson is thus one step
of many in determining how matter is formed,and
through this, how the universe works.
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