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problems exist: In situ sensors do not 
agree, and satellite instruments lack suffi- 
cient absolute agreement to pro~iide con- 
sistent trends (4). Even if stratospheric 
trends are more determinable, it will not 
necessarily imply anything about the upper 
troposphere; if tropopause temperatures 
increase, more water Trapor could get into 
the stratosphere without implying there is 
more water vapor belo~v. 

So given these difficulties: researchers 
are attacking pieces of the problem. Ef- 
forts have been made to assess whether 
vertically integrated water vapor changes 
have been occurring; the general conclu- 
sion is yes;but it is not unanimous (5) .  On 
shorter time scales, drying does occur in 
the upper troposphere immediately after 

convecti~ie events, but wetter conditions 
soon follow, presumably as the associated 
cloud cover dissipates (6). Considering an- 
nual cycle variations, water vapor and the 
global atmospheric greenhouse effect do 
increase with surface temperature, espe- 
cially in the tropics (7). Nevertheless, it is 
still uncertain how such effects relate to 
what happens as climate itself changes. 

Where does this leave us with respect 
to global climate change estimates? So far, 
there has been no e~iidence to indicate that 
a strong negati~ie water Trapor feedback in 
the upper troposphere will in fact arise as 
climate warms. However, without our be- 
ing able to observe upper tropospheric and 
stratospheric water vapor with sufficient 
accuracy over a long enough time period 

to see ongoing trends. some uncertainty 
will remain in this most important of cli- 
mate sensitivity feedbacks. 
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Electrowea k Reconciliation 
Michael E .  Peskin 

H igh energy physicists view them- 
sel~ies as intrepid explorers, search- 
ing for new concepts of space and 

time. So it is sometimes difficult for them 
to accept that the theories in their textbooks 
actually work well. Over the past few 
years, however, experiments have tested the 
structure of the weak interaction-the ba- 
sic force that gi~ies rise to radioactive de- 
cay-and with remarkable precision, the 
results halie converged on the standard 
textbook model. The experiments confirm 
the elementary couplings of this interaction 
to the basic constituents of matter, the lep- 
tons (such as the electron) and the quarks 
(from which the proton and other nuclear 
particles are made). The observed large 
mass of the hea~iiest quark, the top quark, 
plays a key role in this reconciliation. The 
results close a chapter in the history of par- 
ticle physics and present some interesting 
clues to the content of the next chapter. 

The heavy particles W= and ZO, which 
mediate the weak interactions, were dis- 
covered in 1982 at CERN (I). The masses 
of these particles are 80 and 91 GeY re- 
spectively (for comparison, the proton 
mass is about 1 GeV). In 1989: the inaugu- 

with left-handed as opposed to right-hand- 
ed, spin). This spin asymmetry leads to 
distinctive effects in ZO decays. 

The coupling of the ZO to each species 
of quark and lepton is predicted by the 
weak-interaction theory of Glashow, Salam, 
and Weinberg (I) .  This theory contains 
four fundamental particles-two electri- 
cally charged and two neutral-which are 
responsible for the weak and the electro- 
inagiletic (collecti~iely, "electroweak") in- 
teractions. At the basic, syinmetrical level 
of the theory, all four particles are mass- 
less. To give mass to these particles, it is 
necessary to assume an additional field, 
existing throughout space. This is known 
as the "Higgs boson field," and it gi~ies 
mass to the weak-interaction bosons ac- 
cording to a specific pattern. The charged 
particles acquire mass and can be identi- 
fied with the W'. The two neutral particles 
mix with one another by a small amount, 
and one of these particles remains mass- 
less. This massless state is precisely the 
photon. The remaining state is the ZO, 
which obtains a mass slightly larger than 
that of the LTfI/'. The mixing angle is a sin- 
gle parameter that determines the coupling 

ration of two new machines, the Stanford strengths and spin asyinmetries of all of 
Linear Collider (SLC) and the Large Elec- the individual quark and lepton species. 
tron-Positron (LEP) collider at CERN, al- The predicted spin asymmetries differ 
lowed precision studies of the properties of greatly, from about 14% for the electron to 
the ZO. An important property of the weak 94% for the b or bottom quark. Through 
interaction is that it ~iiolates parity (as re- systematic measurements, at LEP and 
flected in the radioacti~ie decay of nuclei, SLC, of the angular distributions and de- 
which produces electrons and neutrinos cay patterns of particles produced from the 

ZO (2)  and through an ex~eriment at SLC 
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for the spin asymmetries are confirmed 
experimentally. 

The most accurate way to determine the 
mixing parameter is to combine a precise 
absolute measurement of the ZO mass with 
two quantities that are already known to 
part-per-million accuracy, the rate of muon 
beta decay and the electromagnetic fine- 
structure constant. In the past 2 years, the 
LEP collider at CEhV has been calibrated 
to five-decimal-place accuracy (a level at 
which influences of the tides: the water lev- 
el in Lake Geneva, and local railroad oper- 
ation must be identified and subtracted) to 
give a Tiery precise determination of the ZO 
resonance position (4). The decay rate and 
spin asyininetry measurements for the vari- 
ous species gi~ie additional measurements 
of the mixing to four decimal places, which 
provide detailed tests of the model. 

The accuracy of these experiments is 
such that they cannot be compared without 
taking into account the higher order quan- 
tum mechanical corrections. Exotic quan- 
tum processes involving the weak interac- 
tions play an equal role with high-order 
quantum electrodynamics processes in the 
computation of these corrections. Both 
types of effects influence the predictions for 
weak-interaction rates and asymmetries at 
the 1% level of accuracy. Thus, the detailed 
comparison of different experiments that 
measure the mixing parameter can deter- 
mine whether these quantum processes are 
actually present to the extent predicted by 
the theory. Although the full structure of the 
corrections is rather complicated, the most 
important effects come from the "vacuum 
polarization" process, in which a ZO con- 
verts for a short time. by a quantum fluctua- 
tion, into a pair of electrons. quarks, or W 
bosons. In principle, the Z0 could also fluc- 
tuate to a pair of heavier particles, indeed 
to any particle that couples to the weak in- 
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teracnons. Tn comparing the precision mea- 
surements, it is possible that new sources of 
vacuum polarization might be required to 
bring the data into agreement. The compari- 
son could then give evidence for or against 
new particles that are not included in the 
textbook model. 

One caterintuitive property of these 
quantum corrections is that heavy quarks 
can have an eqecially important effect. The 
corrections involving the top quark, in par- 

portant effect. In the first systematic ac- 
counting of the top qua& contributions to 
weak-htemction d o n  rates in 1980 (8), 
Marciano and Sirlin guessed a value of 18 
GeVforthetop quarkmass audwrote, "for 
nonexotic values of ... m,, the corrections ... 
turn out to be small" (p. 2695). They did not 
knawthath igh-energy~terswMlld  
be unsuccessfully searching for the top 
quark for the next 15 years. When the top 
quark failed to show up in the fnst data of 

the F d a b  Tevatron proton-an- 
tiproton collider in 1989, it be- 
came clear that the mass of this 
quark was large enough that it 
should have a major influeme on 

1 the comparison of electroweak 

RecWon fits. Comparison of 
weak interaction measure- 
ments, using the variables S 
and T (see text). The bands 
show the most important 
constraints in each data set, 
those from (A) atornu parity 
violation experiments, (B) the 
total decay rate of the i?, (C) 
the mass of the W, (Dl neutri- 

w 

no scattering eocperi.h&s, (E) 
the electron spin asymmetry, and (F) the ZO decay angular asymmetries. The bands show the am- 
straints from each rneayKement at *lo; the ellipse shows the 68% confidence contour for the full 
andysis. For comparison, the Rag-dmpd figure in red shows the prediction of the textbook weak-in- 
teraction model The vertical line shows the dependence on the top quark mass, with circles at 25- 
CeV intervalr.The flag shows the lo error band on m, from the Tevatron and the dependence on the 
assumed mass of the Higgs boson. The vertical lines in the flag comspmd to Higgs boson masses of 
60.100.300. and 1000 GeV. fmm left to right [Analysis by Swam (7q.I 

ticular, are enhanced by the factor m:lmw2 
(where m, is the mass of the top qua& and 
mw is the mass of the Wpeuticle) relative to 
the general 1% level of quantum correc- 
tions (5, 6). The large size of these e f f i  
comes from the fact that the masses of 
quarks are also due to the Higgs boson 
field. The top quark, being the most mas- 
sive quark known, couples most stmqgly to 
the Higgs field an4 through this mediator, 
has an especially large influence on the 
properties of the ZO. The top-Higgs inkme 
tion is not so strong that it creates bound 
states or other new dynamical features (7); 
it is only large enough to leave its imprint 
on precisely measured observables. 

'When the enhanced influence of a heavy 
tap quarkwas discavleredinthe 1970s, few 
physicists thought that this might be an im- 

ta samples available at the Tevatron collider 
in 1995 allowed the CDF and DO experi- 
ments there to collect definite evidence for 
this particle and determine its mass to be 
about 175 GeV 

%ry mxdy, the CDF and DO experi- 
ments at the Tevatron collider have an- 
nounced new aad more precise measure- 
ments of the mass of the top quark (9, 1 9 ,  
yielding a value m, = 173.9 5.2 GeV The 
identification of top quark production is a 
feat in itself, because top quarks are pro- 
duced in oniy one out of every lo7 proton- 
antiproton collisions. It is a delicate bal- 
ancing act to dect fortop quakevents in 
a way that does not unduly bias the mass 
measurement. Fortunately, one can make 
use of the fact that a heavy top quark has a 
very simple decay scheme, t + b + W+, in 

which the b or bottom quark has a mass 
that is quite small (mb = 5 GeV) and the 
mass of the W is known precisely. 

With these experimental results in hand 
we can explore whether the particles al- 
ready known suffice to give the correci 
contribution to the vacuum polarization ef- 
fect. The possible contribution of new 
heavy particles can be described by two 
parameters S and T (1 1, 12). The parame- 
ter S measures the total size of the new set 
of particles; the parameter T measures the 
extent to which these particles violate the 
symmetry among the weak bosons. The 
top and bottom quarks, for example, pro- 
vide only one weak-interaction multiplet. 
but their masses are very asymmetrical; 
thus, this multiplet gives a small contribu- 
tion to S and a l m e  contribution to T. The 
two variables &defined in such a way 
that a contribution of 1 unit to S or T pro- 
duces a 1% correction to weak interaction 
observables, a typical sue for vacuum po- 
larization effects. Each precision measure- 
ment is sensitive to one linear combination 
of S and T, and so it picks out a band in 
the S-T plane. The overlap of the various 
bands tells us the extent to which the size 
of the vacuum polarization effect is well 
determined. In the figure, I show the situa- 
tion as it was in the summer of 1990, when 
only the fust data from SLC, LEP, and the 
Tevatron were available, and as it is today. 
The new measurements focus in on a tiny 
region in the S, T plane. 

The lines in red superimposed on the 
plot show the prediction of the minimal 
textbook model for various values of the 
masses of the top quark and the Higgs bo- 
son. We see that the value of the top quark 
found at Fermilab is just what is needed to 
reconcile the electroweak data. The vacu- 
uIlcl polarization effect of the Higgs boson 
also enters this comparison. Remarkably 
large values of the Higgs boson mass are 
excluded, and values below 200 GeV are 
highly favored. There is no evidence that 
additional new heavy particles are needed. 

Is this a depressing or a hopeful sign 
for high energy physics? The low value of 
the Higgs boson mass is certainly encour- 
aging; it indicates that this particle might 
even be found in the next few years at 
LEP or at the Tevatron. Thinking more 
broadly, the pattern displayed in the figure 
chooses sides in the most important cur- 
rent controversy in high energy physics, 
the debate over the nature of the Higgs 
field. Models in which the Higgs boson is 
composite prefer a very heavy Higgs bo- 
son mass. Qpically, they also include new 
particles that induoe extra large positive 
contributions to S and T (1 1,14-16). Such 
effects are excluded by the data. Models 
in which the Higgs boson is a new ele- 
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mentary constituent o f  matter allow the 
low values o f  the mass that are preferred 
by the f i t ,  and certain o f  these models 
even require it. The most ambitious mod- 
els o f  this type, "supersymmetric grand 
unified theories," require that the Higgs 
boson is light (1 7). These models contain 
a huge number o f  new particles-a heavy 
partner for every particle in the standard 
theory. Surprisingly, though, the particular 
species predicted by these models give 
very small additional contributions to the 
vacuum polarization (1 8) .  

The new measurements, then, put the 
structure o f  the weak interactions into focus 
in a way that brings the story o f  elemental7 
particle physics to a state o f  high tension. 
The possibilities for what we might find 
around the next corner are increasingly limit- 
ed. The alternatives include the simple possi- 
bility o f  one light Higgs boson. But they also 
include models whose new synlmetiies lead 

to a parade o f  exotic particles and even to 
promised new visions o f  space and time. In 
the next decade, at the next step in accelera- 
tor energy, we will learn which o f  these alter- 
natives nature chooses. 
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Electronic Confinement in 
Organic Metals 
Claude Bourbonnais and Denis Jerome 

I n the last two decades, the synthesis o f  
new low-dimensional materials such as 
the organic and high-transition-tempera- 

ture superconductors has shattered our tra- 
ditional views about the properties o f  elec- 
trons in metals. This has been especially 
true since the 1980s with the coming o f  the 
Bechgaard salts, the so-called (TMTSF),X 
organic superconductors and their sulfur 
analogs (TMTTF)2X. These systems con- 
sist o f  a vast series o f  isostructural organic 
metals for which the donor constituents 
TMTSF (tetramethyltetraselenafulvalene) 
or TMTTF (tetramethyltetrathiafulvalene) 
are planar molecules and the acceptor X is 
an inorganic radical. On page 1 18 1 o f  this 
issue, Vescoli et al. report new evidence for 
the unusual electronic properties o f  these 
materials (1). 

Because TMTSF and TMTTF interact 
only weakly in the solid state, the cation 
retains its planar conformation. The result 
is a plane-to-plane stacking and an elec- 
tronic delocalization along a particular di- 
rection, which turns these materials into a 
close realization o f  a one-dimensional 
metal. The Couloinb interaction between 
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electrons is found to have special conse- 
quences in low-dimensional systems. The 
concept o f  "quasi-particlesn-so success- 
ful in the Fermi liquid description o f  ordi- 
nary metals as a collection o f  effectively 
noninteracting electrons-turns out to be 
inapplicable in one spatial dimension, 
where the spin and charge degrees o f  free- 
dom separately merge into collective low- 
energy excitations (2 ) .  These collective 
modes completely replace the quasi-parti- 
cles, giving rise to a quite different elec- 
tronic state called a Luttinger liquid. 

Although real organic metals like the 
Bechgaard salts exhibit a small but finite 
coupling between chains, making them 
not purely one dimensional but rather 
quasi-one dimensional, these materials 
are among the best candidates for detect- 
ing signs o f  a Luttinger liquid state (3 ,  4)  
as well as its possible instabilities, name- 
ly the recovery by the interchain coupling 
o f  a Fermi liquid state and the stabiliza- 
tion o f  various ordered phases (5). Work- 
ing on  this  wide-ranging series o f  
isostructural quasi-one-dimensional ma- 
terials offers great advantages, including 
the possibility o f  following almost con- 
tinuously the evolution o f  physical prop- 
erties o f  the normal state as a function o f  
anion (X = PF6, AsF6, Br, C lod ,  and so 
forth) and cation (TMTTF or TMTSF)  
substitutions, the application o f  hydro- 
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static pressure (3 ,  4) ,  or even working in 
nonzero magnetic field (6: 7) .  

In a effort to seek concrete evidence o f  
a Luttinger liquid in these systems, Vescoli 
et al. ( I )  have performed a nice set o f  opti- 
cal reflectivity measurements that display 
the evolution o f  the optical transport in the 
presence o f  a correlation gap A,. The re- 
sults allow analysis o f  an important reduc- 
tion o f  the amplitude o f  the gap when the 
optical probe goes froin members o f  the in- 
sulating sulfur series to the metallic se- 
leilides (from left to the right in the figure). 
Moreover, they corroborate and complete 
previous optical studies by the groups o f  
Timusk (8)  and Elridge (91, who pointed 
out from the start the existence o f  a gap in 
the normal state o f  the selenide compounds 
(TMTSF),AsF, and (TMTSF),C1Od. 

For typical sulfur compounds like 
(TMTTF),PF6 and (TMTTF),Br, located 
on the left side o f  the figure, the experi- 
ments show that the correlation gap is as- 
sociated with an insulating behavior be- 
low the temperature Tp  = Ap!3. The tem- 
perature variation o f  magnetic spin sus- 
ceptibility is well known to remain unaf- 
fected by the gap (3) ,  indicating that the 
spins are apparently decoupled from the 
charge degrees o f  freedom. A spin-charge 
decoupling o f  this sort is predicted to oc- 
cur when electrons in a half-filled or quar- 
ter-filled one-dimensional energy band in- 
teract to form a Luttinger liquid state that 
is severed o f  its charge component (LL,), 
also known as a one-dimensional Mott- 
Hubbard insulator. Electronic correlations 
then become so strong that charge carriers 
remain confined along the organic stacks. 
In the experiments o f  Vescoli et al. ( I ) ,  
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