
Beyond Truth and Beauty: 
A Fourth Family of Particles 

Three families of the fundamental particles called quarks 
and leptons are known. Recent experiments hint that there is 

one more family, but there are probably no more than five 

Physicists who study the funda
mental nature of matter have 
a faith that the diversity of the 

physical universe can be explained by 
assuming the existence of a few fun
damental particles. It is a faith that 
has been sorely tried. In the middle 
years of this century the emerging 
simplicity of the proton, neutron and 
electron and their antimatter coun
terparts dissolved into hundreds of 
subnuclear particles. In the 1970's 
simplicity seemed to reemerge with 
the discovery of the quark, only to 
apparently unravel again as several 
other quarks appeared. 

Now the tide of battle may be turn
ing toward a compromise agreement. 
On the one hand, observations of 
the isotopes deuterium and helium in 
deep space, coupled with laboratory 
accelerator experiments, now indicate 
that the number of fundamental parti
cles is indeed limited. On the other 
hand, there are some hints that this 
number may include more than the 
three families of quarks now known 
to exist. Stoking the excitement is the 
prospect that answers to profound 
questions such as the origin of mass 
may be within the reach of sophisti-

DA YID B. CLINE is professor of both 
physics and astronomy at the Universi
ty of California, Los Angeles, and a re· 
search physicist at CERN, the European 
laboratory for particle physics. His un
dergraduate degree is from Kansas State 
University and his Ph.D. (1965) is from 
the University of Wisconsin at Madison. 
He was professor of physics at Wiscon
sin and a research physicist at the Fermi 
National Accelerator Laboratory until he 
took up his joint appointment at U.C.LA 
in 1986. Cline's current interests include 
the design of a B·meson "factory," the 
construction of a high·resolution gam
ma-ray telescope and colliding·beam re
search at CERN. 

by David B. Cline 

cated new accelerators that are just 
beginning to operate. 

To understand why some physicists 
think a fourth family of quarks may 
exist, but that there are not many 
more than four, one must first under
stand what is currently explained and 
unexplained by the standard model 
of particle physiCS. Almost every field 
has its standard model; the standard 
model in particle physiCS is based on 
the assumption that ordinary matter 
is composed of two types of particles, 
quarks and leptons, and that the for
ces between them are transmitted by a 
third category of particles called bos
ons. Leptons include the familiar elec
tron and neutrino; the less familiar 
quarks combine to make up such large 
particles as the proton and the neu
tron. An example of a boson is the 
common photon, which transmits the 
electromagnetic force. 

Three families of quarks have been 
discovered experimentally, each con
sisting of two particles, making a to
tal of six quarks. The first family con
sists of the "up" quark and the "down" 
quark. The up quark has a mass of 
approximately four million electron 
volts (MeV), or about 1/250th the 
mass of the proton (which is close to a 
billion electron volts, or 1 GeV). The 
mass of the down quark is slight
ly greater-about 7 MeV. The second 
family consists of the "strange" quark 
and the "charm" quark, with masses 
of about 150 MeV and about 1,300 
MeV respectively. The third family con
sists of the "bottom" quark, known in 
civilized parts of the world as "beau
ty," with a mass of 5. 5 GeV, and the 
"top," or "truth," quark-which has yet 
to be discovered [see bottom illustra
tion on page 62). 

Whereas a proton has one unit of 
positive electric charge, quarks have 
fractional charge. An up quark has a 
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fractional charge of 2/3 and a down 
quark has a charge of -1/3. A proton 
consists of two ups and a down, giv
ing the required total charge of 1. The 
neutron is composed of two downs 
and an up for a total electric charge of 
zero. In a similar manner the various 
quarks can be combined to form all 
the other known particles that are not 
leptons or bosons. 

Each family of quarks is roughly 10 
times as massive as the preceding 
family. This fact suggests that any new 
quarks will be very massive. Indeed, 
recent experiments at CERN, the Euro
pean laboratory for particle physics, 
set a lower limit of about 50 GeV for 
the mass of the undiscovered truth 
quark. In each family, however, the, 
quark masses lie within an order of 
magnitude of each other, and so phys
icists expect the truth quark to have a 
mass not more than 10 times the mass 
of the beauty quark. (If future acceler
ator experiments produce a very mas
sive truth quark, theorists will begin to 
scratch their heads.) 

The Lepton Families 

Experimentally, it turns out that ev
ery family of quarks is associated with 
a family of leptons, each consisting of 
a charged lepton and a neutral one. 
In the first family the charged lep
ton is the electron and the neutral one 
is the electron neutrino; in the sec
ond family the leptons are the muon 
and the mu neutrino, and in the third 
family they are the tauon and the tau 
neutrino. 

Compared with quarks, leptons are 
extremely light [see illustration on 
page 63). The electron has a mass of 
approximately 1/2 MeV; observations 
of electron neutrinos from the super
nova 1987A limits their mass to less 
than about 16 electron volts. The rea-
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soning is that the velocity of particles 
.having a nonzero rest mass varies 
with their energy, so that one would 
expect the arrival time of a burst of 
massive neutrinos to be spread over a 
finite period. The fact that the 1987 
supernova neutrinos all arrived at the 

earth within 13 seconds of one anoth
er results in the 16 eV limit. And since 
this is only an upper limit, the real 
electron-neutrino mass could be zero. 

The charged lepton of the second 
family, the muon, is about 200 times 
as massive as the electron but is oth-

erwise identicaL Experimental limits 
on the mu neutrino's mass require it 
to be less than about 100,000 eY. Cos
mological limits are much more strin
gent than this, however; they require 
that the mass of any neutrino be be
low the minuscule value of 65 eY. The 

PRODUCTION AND DECAY of a neutral intermediate vector 
boson (zO particle) are shown in a computer image, along with 
a drawing identifying the events. The ZO was produced by 
quark·antiquark collisions in the UAI experiment at the pro· 
ton·antiproton collider at CERN, the European laboratory for 
particle physics; the particle decays into an electron· positron 

pair. (Other tracks are those of other particles formed by 
the colliding beams.) The ZO can decay into all existing lepton 
families, including neutrinos. If there were an infinite number 
of neutrino families, the decay of the ZO into the electron· 
positron pair would never be seen. The fact that it is seen, with 
high probability, limits the number of neutrino families to five. 
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QUARKS 

GAUGE BOSONS: PHOTON, GLUON, W±, Zo, GRAVITON 
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STANDARD MODEL of particle physics assumes that matter is composed of quarks 
and leptons and that forces are transmitted by bosons. Each lepton family consists of 
a charged lepton and a much lighter neutral one, successively the electron (e-) and 
electron neutrino (ve), the muon (IJ) and mu neutrino (v�) and the tauon (T) and tau 
neutrino (vT). According to the standard model, each lepton family is associated with 
a quark family consisting of two particles: an "up" (u) and a "down" (d) quark; a 
"strange" (s) and a "charm" (c) quark; a "bottom" (b) quark and a "top" or "truth" 
(t) quark. The truth quark has not yet been detected. If the pairing of the fami· 
lies continues to a fourth generation, one would expect to find a fourth charged 
lepton (L) and a fourth neutrino (VL)' as well as two more quarks, labeled here t' and b'. 
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MASSES of the five known quarks are given in millions of electron volts (MeV). The 
masses of the quarks in successive families differ by about an order of magnitude. 
Experimental limits on the truth quark put its mass above 50 GeV (billions of 
electron volts); limits on the fourth·family quarks put their masses above 41 GeV. 
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tau neutrino has not yet been directly 
observed, but its partner the tauon 
was discovered in 1976 by Martin L. 
Perl and his colleagues at the Stanford 
Linear Accelerator Center (SLAc). The 
particle has a mass of 1.8 GeY. Since 
theory requires that the tau on have its 
own neutrino, physicists are confident 
that the tau neutrino exists. Direct 
experiments put the mass of the tau 
neutrino at less than 70 MeV; again 
the cosmological limit appears to be 
below 65 eV. 

Like the quark families, the lepton 
families are clumped into different 
mass ranges. The mass of the muon is 
approximately two orders of magni
tude greater than that of the electron, 
and the tauon in turn is about 20 
times more massive than the muon. 
One might expect, then, that any addi
tional charged leptons will have a 
mass in the vicinity of 40 GeV. As I 
shall show below, current experimen
tal lower limits for new charged lepton 
masses are consistent with this pre
diction. The neutrino masses may also 
be spaced at large intervals, but be
cause only upper limits are estab
lished, all that can now be said is that 
the mass of neutrinos is very small 
compared with the mass of their 
charged partners. 

The smallness of the neutrino mass 
points to the second major difference 
between quarks and leptons: apart 
from the fact that leptons are much 
lighter in absolute terms than their 
associated quarks, the mass ratios 
within quark families are much small
er than those within the associated 
lepton families. Within each quark 
family the ratio of quark masses is no 
greater than about 10. The mass ratio 
of the down quark to the up quark, for 
example, is about two. The leptons 
present quite a different picture: given 
the upper limits on neutrino masses, 
the mass ratio of the electron to the 
electron neutrino is about 10,000; if 
the neutrino were to turn out to be 
massless, the ratio would be infinite. 

The standard model has also been 
successful in describing the bosons, 
the particles that transmit forces be
tween other particles. In Maxwell's 
theory of electromagnetism this role 
is played by the photon, which trans
mits the electromagnetic force. The 
present standard model contains the 
weak force, which governs radioactive 
decay, and the strong force, which 
binds the nucleus. Therefore other 
bosons are required. Weak interac
tions (such as the decay of a neutron 
into a proton and an electron) that 
involve the exchange of electric charge 
are governed by the so-called charged 
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intermediate vector boson, or W. Oth
er weak interactions, which do not re
quire an exchange of charge, are me
diated by the neutral intermediate 
vector boson, or ZO. One of the great 
triumphs of the standard model was 
the prediction of the masses of the W 
and the Zo particles. Both particles 
were subsequently discovered at CERN 
in 1983-at the expected masses. All 
other observed properties of the parti
cles are also in remarkable agreement 
with the theory. 

Defects in the Model 

In spite of such successes, the stan
dard model has a number of serious 
defects. To begin with, it does not 
prescribe the number of families of 
quarks and leptons at alL Why are 
there at least three families, given that 
only the first family is needed to make 
up the ordinary protons, neutrons and 
electrons in the universe? Or, as I. I. 
Rabi put it SO years ago, "The muon, 
who ordered that?" 

The standard model also fails to 
predict the mass of all the remain
ing particles; the 50-GeV lower limit 
on the mass of the truth quark is 
an experimental result, and no one 
knows what the upper limit is. Nor 
does the model explain the hierarchy 
of quark and lepton masses described 
above. Why are the families separated 
by roughly an order of magnitude in 
mass for quarks and two orders of 
magnitude for leptons? Why are the 
ratios of quark masses within a family 
so small and the ratios of lepton mas
ses so large? Many numerological at
tempts have been made over the years 
to explain this mass spectrum, but 
none has met with any success, and 
this is one of the great unexplained 
whys of the standard modeL 

Questions relating to the number of 
families, mass and mass hierarchies 
are not the only ones left unanswered 
by the standard modeL Another major 
mystery is the fact that whereas differ
ent kinds of quarks are often observed 
to transform into one another, leptons 
are never observed to do so. For exam
ple, the charm quark may decay into 
a strange quark and a particle known 
as a "virtual W" (which can be thought 
of as a real W with such a short life
time that it cannot be directly ob
served). On the other hand, no muon 
has ever been seen to decay into an 
electron and a photon, and the proba
bility of its happening has now been 
experimentally reduced to less than 
one part in 100 billion. 

This proliferation of mysteries has 
led some theorists to suspect the exis-

tence of a fourth family of quarks and 
leptons. The discovery of such a fami
ly might clear up some long-standing 
questions. One of them has to do with 
the phenomenon known as charge
parity violation, which is itself related 
to the quark-quark transition proba
bilities just discussed. Until the 1960's 
physicists had assumed that measura
ble properties of any physical system 
should remain unchanged when each 
particle is transformed into its anti
particle and the system is reflected in 
a mirror. Because the operation of 
changing a particle into its antiparti
cle requires changing its charge, and 
because mirror-reflection is known 
as parity reversal, the statement that 
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any system should remain unaltered 
under these combined operations is 
known as the law of charge-parity 
invariance. 

The cherished belief in CP invari
ance fell in 1964, when Val L. Fitch, 
James W. Cronin, James H. Christenson 
and Rene Turlay of Princeton Univer
sity were investigating the decay rate 
of a particle known as the neutral K 
meson, or kaon. The kaon usually de
cays into three other particles (into 
three pions, for example); such a tran
sition is consistent with the law of CP 
invariance. The Princeton experiment 
showed, however, that about once in 
every 500 times the kaon decays into 
only two pions-a transition that vio-
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LEPTON MASS SPECTRUM shows that the masses of charged leptons, like those of 
quarks, are hierarchical: the tauon mass is roughly an order of magnitude greater 
than the muon mass, which in turn is roughly two orders greater than the electron 
mass. Limits on the mass of the fourth charged lepton (L) require that it be greater 
than 41 GeV. The mass difference between the Wand ZO vector bosons supplies an 
upper limit (a). The masses of the three neutrinos are not known. Upper limits from 
supernova 1987A put the electron· neutrino mass at less than 16 electron volts. 
The requirement that no neutrino be so massive as to noticeably decelerate the ex
pansion of the universe sets a 65-eV "cosmology" upper limit for all neutrinos. The 
gray area (right) is excluded by theory; limit b comes from dark-matter searches. 
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FEYNMAN DIAGRAMS show flavor mixing for the kaon (KO) system (left) and a B-meson 
system (right). Mixing takes place when a KO, which consists of an antistrange (s) 
quark and a down (d) quark, turns into an antikaon (KO). This requires that the s turn 
into a d and the d into an s. In this B-meson system, consisting of a b and a d, the 
b must transform into a d and the d into a b. The transitions are called cross-fam
ily or flavor-mixing transitions. Such mixing is needed for charge-parity violation. 

lates CP invariance. As a result of ex
periment, then, a supposed law of na
ture was thrown out-even though the 
actual origin of CP violation in the 
kaon system remains unexplained to
day and is considered one of the great 
mysteries in physics. 

Flavor Mixing 

Unexplained though CP violation 
may be, its magnitude can be linked to 
quark-quark transition probabilities. 
Usually quarks transform into other 
members of their own family, as in 
the decay of a charm quark into a 
strange quark and a virtual W. For CP 
violation to take place, quarks must be 

able to transform into members of 
other families, a process known as 
flavor mixing (because quark families 
are whimsically characterized as hav
ing distinct flavors). Moreover, it can 
be shown that a two-family standard 
model would not be enough to allow 
CP violation in the neutral kaon sys
tem; at least three families of quarks 
are necessary. Indeed, the existence of 
CP violation was the first evidence for 
a third quark family. The amount of CP 
violation depends on the probability 
with which a quark from one family 
can transform into a quark from an
other family, that is, on the extent of 
the mixing. 

A fourth family would influence the 
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MIXING LEVEL FOR THE BO (STRANGE QUARK) SYSTEM 
MIXING EXPERIMENTS may provide evidence for a fourth family of quarks. BO mesons 
come in two varieties, either a bd,as in the preceding illustration, or a bs.Both types 
undergo flavor mixing, that is, they change into their antiparticles. Recently five 
experiments (colored curves), done at CERN, DESY, SlAC and Cornell University, have 
shown the mixing was much larger than expected. The colored area delimited by the 
experimental results indicates the most probable values of the mixing level for the 
two types of BO particles. Most of that area lies beyond the limit allowed by a three
family standard model, indicating that a fourth family may contribute to the mixing. 
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amount of flavor mixing by allowing 
more quark-quark transitions. Recent
ly physicists at the Deutsches Elek
tronen-Synchrotron (DESY) and CERN 
have found that flavor mixing in the 
B-meson system is 20 times as large 
as expected. The B meson is so called 
because it consists of a beauty quark 
and one other quark-for example, an 
antidown quark. In the mixing process 
the B meson is transformed into an 
anti-B, which requires that the beauty 
quark be transformed into a down and 
the antidown into an antibeauty [see 
top illustration on this page]. Note that, 
as in the kaon system, these are flavor
mixing transitions. The rate at which 
the mixing occurs depends on all ex
isting quarks, as well as on their mass
es: the more quarks there are, the 
more mixing is expected to take place. 
The fact that the mixing discovered at 
DESY was much larger than expected 
may indicate that a fourth family of 
quarks was contributing to it. Because 
the mass of the truth quark is not 
yet known, however, it may be that 
the results can still be accommodat
ed with three quark families. 

B-meson mixing could also provide 
insight into the origin of CP violation 
itself, which until now has been ob
served only in the neutral kaon sys
tem. Flavor mixing is a necessary con
dition for CP violation, but it is not 
sufficient. Although CP violation has 
not yet been detected in B mesons, the 
very size of the mixing has made some 
investigators optimistic that observa
tion of CP violation in the B-meson 
system cannot be far behind. If CP 
violation is found to be Similarly large, 
it is unlikely that the three-family 
standard model will be able to ac
commodate it (unless the mass of 
the truth quark is unexpectedly large), 
and so a fourth family of quarks will 
have to be invoked. 

An experimental test of that propo
sition should be possible in the near 
future. Proton-proton collisions in an 
accelerator can produce B-meson-B
antimeson pairs, which in turn will 
decay into products containing two 
charged leptons. These charged lep
tons might be electrons or positrons. 
If CP is conserved, the rates at which 
mesons decay into electrons and into 
positrons should be the same; if CP is 
violated, the decay rates will differ. 
This test will be extremely sensitive to 
the existence of a fourth quark family. 
An observation of CP violation would 
uniquely relate CP violation to quark 
transition probabilities and could lead 
to identification of the fundamental 
origin of CP violation in nature. 

The importance of detecting charge-
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B-MESON DECAY may exhibit charge-parity violation. Proton
proton collisions in an accelerator produce meson-antimes
on pairs. A BO may decay through flavor mixing into a BO, as 
is shown at the left, or vice versa, as is shown at the right. 

These particles thereupon decay further into muons, anti
muons, quarks and neutrinos. If the decay rate into muons 
(left) differs from the decay rate into antimuons (ri9ht), then CP 
is violated. (Note: Charge is conserved here; add the diagrams.) 

parity violation in the B-meson decay 
system is leading to the design of a 
new type of electron-positron col lid
er called a linear-collider B-meson fac
tory. Studies of such a machine are 
in progress at the University of Cali
fornia at Los Angeles and in Italy. 
The goal is to produce more than a 
billion beauty quarks and antiquarks 
per year. 

The other major mystery that might 
be solved by invoking a fourth family 
is the origin of the particle-mass hi
erarchy. The hope is that the fourth 
family is a special case, and that the 
masses of the first three families are 
"generated" by interactions with the 
fourth. This concept, first described 
by Harald Fritzsch of the University 
of Munich, relates the mass difference 

between quarks to an assumed rela
tion between quark mass and quark 
transitions. So far all observational 
data are consistent with the Fritzsch 
model. 

Fritzsch also suggests that the mass 
ratio of the two new quarks will be 
four. That is the ratio of the squares 
of the quark charges-(2/3F/(-1/3)2-
that would be expected if the electro-
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SEESAW MECHANISM proposes that the mass of each neutrino 
(m) is related to the mass of its associated charged lepton (m) 
by the formula mv = m2/O; 0 is an unknown mass scale, visual
ized here as the lever arm of the seesaw. Since, for example, the 
electron-neutrino mass is known to be less than 16 eV and 
the electron mass is known to be .5 MeV, the seesaw equation 

D 

o 

requires 0 to be at least 16 GeV. The tauon mass is 1.8 GeV and 
cosmological limits on the tau neutrino make it less than 65 
eV. Running the seesaw equation with these values gives 
the stricter lower limit on 0 of 5 x 107 Gev. If 0 is related to a 
large fourth-lepton mass, the seesaw mechanism shows how 
this large mass could generate the very small neutrino masses. 
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BIG-BANG HELIUM PRODUCTION AND NEUTRINO FAMILIES 

1. Assume that the universe consists only of neutrons (n) and protons (p), 
with a vastly larger background of electrons (e-), positrons (e+), neutrinos 
and antineutrinos (ve,v�, VTo Ye, Y�, YT) and photons (y), all indicated below 
by dots. At times much less than one second after the big bang and temper· 
atures much higher than 10'0 degrees Kelvin, the n and p appear in almost 
equal numbers: 
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2. Neutrons and protons are constantly transmuted into one another by the 
so-called weak nuclear reactions: 

3. Because neutrons are slightly more massive than protons, they are ener
getically more difficult to produce, and so the n-p transmutations in step (2) 
result in slightly more protons. As the universe expands and cools, less and 
less energy is available to produce neutrons, and so the weak reactions 
result in ever more protons. At about one second after the big bang and a 
temperature of about 10'0 degrees K. protons outnumber neutrons by about 
five to one: 

4. At this time the expansion rate of the universe overtakes the ever slowing 
weak· reaction rates, so that collisions between particles essentially cease: 
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No more neutrons are converted into protons; the 1:5 ratio is "frozen out." 

5. Neutrons are radioactive and decay into protons. The lifetime of the 
neutron is about 1 5 minutes, so that after three minutes or so about one
third of the neutrons have decayed into protons, leaving one n for every 
eight p: 
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6. At three minutes after the big bang the temperature has dropped to 
about 109 degrees K., which is low enough so that the nucleus of the 
isotope deuterium (n,p) can stay bound. Deuterium is then rapidly processed 
into helium (2n,2p). Since helium requires equal numbers of p and n, helium 
formation ceases when all the available neutrons are used up: 
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Since neutrons and protons are of almost equal mass, about 4/ 16, or 25 
percent, of the mass of the universe ends up in helium, with 75 percent left 
over in protons (hydrogen nuclei). 

7. The more families of neutrinos there are, the faster is the expansion rate 
of the universe. Step (4) therefore occurs earlier and at a higher temperature 
when more neutrons are present; steps (5) and (6), then, proceed in the 
presence of more neutrons, resulting in the formation of more helium. 
Astronomical observations, however, limit helium to less than 25 percent of 
the mass of the universe. This in turn indicates that there are no more than 
four neutrino families. 
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magnetic interaction gives rise to the 
mass of the quarks. 

Several theorists think a new quark 
should exist in the vicinity of 246 GeV. 
One of the notable features of the 
standard model is its prediction that 
at high enough energies the various 
forces begin to unify. In particular, the 
electromagnetic force and the weak 
and strong nuclear forces should be
come a single "grand unified" force . 
The forces should be unified at the 
incredible energy of 10'5 GeV, consid
erably beyond what can ever be at
tained by an accelerator on the earth. 
The extrapolation of measured values 
of fundamental parameters from low 
energies to the grand-unified energy 
scale would require the existence of a 
new massive quark for consistency. 

Furthermore, it turns out that the 
measured values for the Wand ZO 
masses can provide limits on the mass 
difference between the two members 
of the fourth quark family. Present 
data show that the mass difference 
between the two quarks of the fourth 
family should be less than 180 GeV. 
Hence if one member of the family 
does exist in the vicinity of 246 GeV, 
the mass of the other member should 
lie either at 426 GeV or at about 66 
GeV, the latter being well within the 
range to be searched by accelerators 
in the near future. 

Neutrino Masses 

If the fourth family of quarks exists, 
what are its lepton relatives like? Here 
the interest centers on the neutrino 
masses. The cosmological limits men
tioned above require the neutrinos to 
have a mass less than 65 eV-which 
includes zero. When compared with 
the mass of the W. this gives a mass 
ratio of one billion. What accounts for 
the incredibly small neutrino mass? 
There are two different viewpoints: 
either the neutrino mass is exactly 
zero as the result of some undiscov
ered fundamental principle, or the 
small neutrino mass is a consequence 
of another very large mass. 

The latter viewpoint depends on 
what is known as the seesaw mecha
nism, which has been proposed by 
Murray Gell-Mann of the California In
stitute of Technology, Pierre M. Ra
mond of the University of Florida and 
Richard C. Sian sky of the Los Alamos 
National Laboratory. The disadvantage 
of the seesaw mechanism is that it is 
ad hoc; the advantage is that the 
mechanism is extremely simple. It 
assumes that the electron-neutrino 
mass is equal to the square of the 
electron mass divided by some large 
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unknown mass scale. The electron 
mass is fixed. Therefore the larger the 
unknown mass scale, the smaller the 
resulting neutrino mass; hence the 
name seesaw [see bottom illustration 
on page 65]. 

To illustrate, the supernova limits 
put the electron-neutrino mass at less 
than 16 eY. The square of the electron 
mass is about 250 GeV<. The solution 
of the seesaw equation then requires 
that the unknown mass scale be great
er than 16 GeY. When the calculation is 
run for the 1.8-GeV tau mass and the 
65-eV cosmological upper limit on the 
tau-neutrino mass, one finds a more 
stringent lower limit of 5 x lOi GeV. 

One sees that by the seesaw mech
anism the incredibly tiny neutrino 
mass is the consequence of a mass 
scale much greater than what is attain
able by present colliding-beam accel
erators. If the mechanism is correct, 
these mass scales should be associ
ated with new particles-perhaps a 
fourth quark or lepton. The seesaw 
mechanism would then have cosmo
logical implications as well: it raises 
the possibility that the fourth neutri
no might provide the so-called miss
ing mass needed to close the universe. 

Current theoretical prejudice re
quires that the mass density of the 
universe be just sufficient to eventu
ally halt the present expansion and 
cause the universe to recollapse, in 
which case the universe is said to be 
"closed." The available evidence, how
ever, indicates that the observed mass 
density of the universe is only be
tween 10 and 20 percent of this criti
cal value. Astronomers are therefore 
now engaged in an extensive search 
for the "missing mass." 

A neutrino that provides the miss
ing mass cannot be too massive. Neu
trinos are even more plentiful than 
photons-several billion for every 
proton, electron and neutron-and if 
any one type of neutrino had a mass 
equal to the 65-eV value, that would be 
enough by itself to close the universe. 
If the neutrino mass were much above 
this value, the resulting gravitational 
pull would be sufficient to slow the 
observed expansion rate of the uni
verse noticeably. The fact that no such 
effect is observed has led most physi
cists to accept 65 eV as an upper limit. 

Now, it is known from experiment 
that any fourth charged lepton must 
have a mass greater than 41 GeY. Giv
en this number for the charged lep
ton's mass and 65 eV for the fourth 
neutrino's mass, the seesaw mecha
nism yields a value of 2.5 x 1010 GeV 
for the unknown mass scale. Assum
ing that this single mass scale gen-

erates the masses of all the neutri
nos, one then computes by the seesaw 
mechanism that the neutrino masses 
must be less than 10-8 eV, 4 x 10-4 eV 
and .1 eV respectively for the elec
tron neutrino, mu neutrino and tau 
neutrino. If this argument is correct, 
the fourth neutrino could provide the 
missing mass, but the three neutrinos 
already known would be much too 
light to have any effect. 

Experiments Under Way 

Such arguments for the existence of 
a fourth family of quarks and leptons 
are admittedly speculative. Yet some 
direct searches are under way. One 
technique was first suggested by the 
author and Carlo Rubbia of CERN. It 
uses the decay of the W particles to 
discover, or to put a limit on, the mass 
of a possible fourth charged lepton. 
Recent experiments at CERN give a 
41-GeV limit. Notice that this is be
tween one order and two orders of 
magnitude more massive than the tau
on, which is what one would expect 
from the mass hierarchy discussed 
above. If the mass of the next quark or 
charged lepton is less than 70 GeV, 
present-day machines may be able to 
detect them in the near future. Other
wise physicists will have to wait for 
the Superconducting Supercollider or 
for the Large Hadron Collider that has 
been proposed at CERN. 

One might well wonder whether, if a 
fourth family of quarks and leptons is 
uncovered, a fifth will be far behind. 
This question is being addressed by 
both cosmologists and particle phys
icists in ongoing attempts to count 
neutrino families. 

From the cosmological standpoint, 
the number of neutrino families has 
a profound effect on the production 
of light isotopes in the process of 
primordial nucleosynthesis that oc
curred in the first few minutes after 
the big bang. The final abundances of 
these isotopes, in particular helium 
and deuterium, depend on how fast 
the universe was expanding in relation 
to the rate of the isotope-producing 
nuclear reactions. The expansion rate 
of the universe in turn depends on the 
number of particle species in exis
tence, including families of neutrinos. 
The more neutrino families there are, 
the faster the universe expands and 
the more helium is produced. Com
paring the helium produced by nu
cleo synthesis calculations with obser
vational upper limits then constrains 
the number of possible neutrino fami
lies [see box on opposite page]. Re
markably, such considerations limit 

the number of neutrino families to 
four, or conceivably five. Assuming 
that the quark-lepton pairing of the 
standard model continues to higher 
families, this then limits the number 
of quark families to four or five too. 

Such cosmological limits on particle 
species have traditionally been taken 
with large grains of salt by particle 
physicists. Now, however, laboratory 
experiments are coming to the same 
conclusion. These experiments utilize 
the Zo particle, which is able to decay 
into all existing neutrino families. The 
more neutrino families there are, the 
faster the ZO is able to decay. Hence, by 
measuring the ZO lifetime, physicists 
can determine the number of neutrino 
families existing in nature. Preliminary 
results from SLAC, CERN and DESY have 
already limited the number of neutri
no families to five. Refinements will 
eventually give an exact number-not 
just an upper limit: direct evidence for 
or against a fourth family of quarks 
and leptons. 

If a family beyond truth and beauty 
is established, physicists will no doubt 
ask: Why four? Why are the fourth
family masses so large? Why is four 
(an even number) also the number of 
dimensions of spacetime? Is this the 
result of superstring theory, which 
specifies the number of possible di
mensions? Admittedly, questions that 
ask why lead to infinite regress. Yet 
the only thing science can do is to 
reduce many problems to a few. If the 
introduction of the fourth family of 
quarks and leptons explains the mass 
distribution of the first three families, 
transition probabilities, missing mass 
and the nature of charge-parity viola
tion-then it will have accomplished 
a great deal. 
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