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CMS researchers saw at the same mass
in the four-lepton data. ATLAS’s data 
are similar—their four-lepton data are
shown in figure 3b—which further rules
out the possibility that the observation
was a statistical fluke. But the 5σ thresh-
old for discovery was met by each
group’s data independently.

Both teams also looked for the W+W−

decay mode and found signals con -
sistent with a particle at 125 GeV. The
CMS team additionally looked at the
bottom–antibottom and tau–antitau
modes; what they found was consistent
with a 125-GeV Higgs, but it was also
consistent with no Higgs at all. 

The final analysis of the Tevatron
data4 complements the CERN teams’
findings. Because the Tevatron operated
at a much lower energy than the LHC
does now, it produced fewer particles at
125 GeV—but it also had lower back-
ground levels. As it turned out, the
 Tevatron was particularly sensitive to a
production mode that forms a Higgs
particle together with a W or Z boson. 
By looking for Higgs decay products
together with W or Z decay products,
the Fermilab teams observed an excess
of events in the bottom–antibottom
Higgs decay mode—not a discovery by
itself, but corroborating evidence.

Stay tuned
A new particle has been discovered; the
next step is to learn more about it. So
far, it behaves very much like the stan-
dard model says the Higgs should. It’s
an electrically neutral boson, most
likely of spin 0, that couples strongly to
particles known to be massive. Its pro-
duction and decay rates are consistent
with the standard model’s predictions,
but their uncertainties are still large. 
As the LHC collects more data, the
modes of the particle’s production and
decay will become better known and its
consistency with the standard-model

Higgs either strengthened or refuted.
If the particle isn’t the Higgs of the

standard model, then what is it? A  likely
alternative is that it’s still a Higgs—a par-
ticle associated with a field that endows
fundamental particles with mass—but
in a framework beyond the standard
model. Several theories that extend the
standard model include a particle that
behaves almost, but not quite, like the
standard-model Higgs does. For exam-
ple, the so-called minimal supersym-
metric standard model calls for not just
one but five  Higgses—the lightest of
which looks much like the Higgs of the
standard model.

The standard model has done an
excellent job of predicting how the
known particles should interact via the
strong, weak, and electromagnetic
forces, but it’s incomplete. It has nothing
to say about gravity, dark energy, or dark
matter, and it offers no insight into why
the particle masses are what they are, or
why the forces have the relative strengths
they do. Any deviation between the
newly discovered boson’s behavior and
the standard model’s predictions could
open the door to new physics that could
help answer those questions.

The LHC was scheduled to shut
down in November for repairs, mainte-
nance, and an upgrade to its final colli-
sion energy of 14 TeV. That shutdown
has been postponed for three months so
that the teams can collect more data on
the new particle. Johanna Miller
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The fate of an object in a simple
homo geneous fluid is easy to guess.
If it weighs more than the fluid it

displaces, it sinks; otherwise, it floats,
just as Archimedes predicted 23 cen-
turies ago. In both natural and indus-
trial settings, though, the suspending
fluid is usually complex, filled with sev-
eral other dispersed species in a variety
of sizes and densities. 

Some of that complexity may be
deliberate. Food scientists or cell biolo-
gists, for instance, often add heavy salts
or colloidal nanoparticles to an already
crowded fluid to create a density gradi-
ent in the solvent that will separate the
different components in suspension.
Proteins, nucleic acids, cell organelles,
and other components sink or float to
levels where their densities match that

Archimedes’s principle gets updated
When a fluid is complex, a venerable buoyancy law breaks down.



of the local solvent, in a process typical-
ly aided by centrifugation. The tech-
nique is a common way to efficiently
resolve or extract the different species. 

As early as the 1960s, however,
researchers noticed that the apparent
protein density in solution varied
depending on the nature of the solvent.1

And recent fractionation experiments
on suspensions of carbon nanotubes
and graphene flakes re vealed even
more striking anomalies in apparent
density.2 The discrepancies prompted
researchers to ask what effect such fluid
complexity has on the buoyant force felt
by an object. Should the weight of dis-
placed fluid in Archi medes’s principle
be that of the bare  solvent or the suspen-
sion? Dozens of papers advocating one
or the other appear in the literature.3

The answer turns out to be neither,
according to a new study led by physi-
cists Roberto Piazza (Polytechnic Uni-
versity of Milan) and Alberto Parola
(University of Insubria). When the fluid
is a colloidal suspension or highly struc-
tured solvent, they realized, the amount

of displaced fluid can be significantly
altered by density perturbations that a
particle induces in its surroundings.4

To see how, imagine adding a single
object to a bunch of smaller ones sus-
pended in water. In equilibrium and by
themselves, the smaller particles in a
given volume V experience a buoyant
force that balances their own weight
W = mngV, where m is the particles’
buoyant mass, n their number density,
and g the gravitational acceleration. But
when the test object is introduced into
the same volume, the distribution of
those particles is no longer uniform—it
changes in a way that depends on their
mutual interactions with the object. 

More specifically, the interactions—
which might include attractive van der
Waals, repulsive coulombic, or, as illus-
trated in figure 1, simple hard-sphere
interactions—generate a concentration
profile set by a radial distribution func-
tion g12(r). That function quantifies the
local deviation from uniform density.
Therefore, the actual weight W’ of fluid
displaced in a given volume is propor-
tional to an integral of the distribution
function.

The difference between the weights
before and after the object has per-
turbed its surroundings amounts to 
an excess buoyant force F beyond 
what Archimedes would predict:
F = W’ − W = mgn∫[g12(r) − 1]d3r. And in
the case of hard spheres, the additional
buoyancy has a simple physical expla-
nation: It comes from the exclusion of
particles from a region close to the sub-
merged object, within which the sur-
rounding particles cannot go. In short,
the excluded volume has to be included
as part of the total displaced fluid. 

Generally, the effect is to lower the
effective density of an object in suspen-
sion. But not always, because the excess
buoyant force may not oppose gravity.
A  particularly strong attractive contri-
bution to the mutual interaction could
shrink the exclusion zone of an object
enough—as neighbors glom onto it,
say—that the object may be pulled
down and thus appear denser than it
really is. Alternatively, one might have
a suspension of bubbles that, if some-
how repelled by an object sitting among
them, also leads to the objects’ sinking. 

Size matters
The larger the submerged object relative
to its neighbors, the smaller the excess
buoyancy. So to test their theory,  Piazza,
Parola, and their colleagues studied the
behavior of differently sized thermo-
plastic polymethyl methacrylate (PMMA)
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Figure 1. The presence of an object
in a colloidal suspension induces fluc-
tuations in the density of colloids
around it. A distribution function g12(r)
describes the colloids’ time-averaged
concentration profile as a function of
distance r from the object. In the case
of hard-sphere interactions, the likeli-
hood of finding a colloid whose cen-
ter is closer to the object than the
sum of their radii is zero. Outside that
“exclusion zone” colloids can be
found, though their concentration
fluctuates because of colloid packing
effects. The greater the excluded vol-
ume, the greater the correction to the
buoyancy predicted by Archimedes’s
principle. (Adapted from ref. 4.) 
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particles in aqueous suspension. Specifi-
cally, to three separate suspensions of
MFA spheres (a polytetrafluoroethylene
copolymer), each with a radius of 90 nm,
they added minute amounts of PMMA
of radius 220 nm, 300 nm, or 400 nm.

The MFA colloids, although spheri-
cal and dispersed, are partially crys-
talline and therefore birefringent.
Thanks to that optical anisotropy, de -
polarized light scattering is an accurate
probe of their local concentration,
which gradually increases with depth
as the particles pack closer together. By
vertically scanning a softly focused
laser beam along the suspension, the
researchers measured the concentration
profile and thus the suspension’s den -
sity as a function of depth. 

After waiting a month for the mix-
ture to equilibrate, they spotted the
PMMA particles as a thin whitish layer
lying in the clear suspension. From
Archimedes’s principle, one would
expect the differently sized PMMA
spheres to settle to a single level at
which the material’s density matches
that of the local fluid around it. But they
actually settled to progressively higher
spots in the column—the smaller the
PMMA, the  higher it floated, in agree-
ment with the researchers’ generalized
principle.

In the opposite case of small, dense
particles settling in a sea of larger but
lighter ones, the theory predicts far
stranger consequences. When Parola
was working out the theory last year, he
was struck by the fact that the density
perturbations induced by a large parti-
cle could generate an excess buoyant
force that amounts to a sizable fraction
of the smaller particle’s weight—strong
enough to push it to the surface despite

its greater density. Indeed, one of the
team’s experiments, outlined in figure
2, bears that out: Gold particles only
tens of nanometers in diameter but
nearly 20 times as dense as water were
found—again after a month’s equilibra-
tion—to float on an MFA suspension
whose density is only slightly greater
than water’s. 

Evidently, as the tiny gold particles
diffuse through the suspension, they
carry with them enough bare solvent—
far more than the volume displaced by
gold alone—to offset the huge density
disparity between the two materials.
The striking effect occurs despite the
colloids’ size—just five times as large 
as the gold particles. Even Archimedes
would have been surprised.

Mark Wilson
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a b Figure 2. Gold floats on a sus-
pension of MFA polymer colloids
in water. (a) The concentration
p(z) (red) of 16-nm-radius gold
particles plotted as a function of
depth z spikes near the surface
of the watery MFA, whose den -
sity there is 1/20 that of gold,
and then falls off with depth. The
concentration of 90-nm-radius
MFA (blue), expressed as its vol-
ume fraction in water, increases
with depth. (b) In green light,
whose wavelength excites 
surface plasmons in gold, a thin
layer of the particles is visible
atop a suspension of the larger

MFA colloids around and below it. Deeper in the column is a layer of MFA colloids
packed closely enough to form an ordered crystalline structure, as expected for 
quasi-hard-sphere particles at a high volume fraction. (Adapted from ref. 4.) 
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