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The Tevatron particle collider at Fermilab in Batavia, Illinois, was once the world’s most powerful accelerator.
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PARTICLE'S SURPRISE MASS
THREATENS TO UPEND THE
STANDARD MODEL OF PHYSICS

Data from an old experiment find that the mass of the W boson
is higher than theory predicts, hinting at future breakthroughs.

By Davide Castelvecchi
& Elizabeth Gibney

rom its resting place outside Chicago,
Illinois, a long-defunct experiment is
threatening to throw the field of ele-
mentary particles off balance. Physi-
cistshave toiled for tenyearstosqueeze
acrucial new measurement out of the experi-
ment’sold data, and theresultsarenowin. The
team has found that the Wboson — a funda-
mental particle that carries the weak nuclear

force —is much heavier than theory predicts.

Although the difference between the theo-
retical prediction and the experimental value
isonly 0.09%, itis significantly larger thanthe
result’serror margins, which are around 0.01%.
The finding also disagrees with some other
measurements of the mass. The collaboration
that ran the latest experiment, called CDF at
the Fermi National Accelerator Laboratory
(Fermilab), reported the findings in Science'
on7 April.

The measurement “is extremely exciting and
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a truly monumental result in our field”, says
Florencia Canelli, an experimental particle
physicist at the University of Zurich in Switzer-
land. Ifitis confirmed by other experiments, it
couldbe the first major breachinthe standard
model of particle physics, a theory that has
been spectacularly successful since it was
introduced in the 1970s. The standard model
is known to be incomplete, however, and any
hint of how it might fail could point the way to
its replacement, and to the existence of new
elementary particles. “We believe there is a
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strong clue in this particular measurement
aboutwhat nature might have in store for us,”
says Ashutosh Kotwal, an experimental par-
ticle physicist at Duke University in Durham,
North Carolina, who led the CDF study.
Some physicists strike a note of caution.
Generating a W boson mass measurement
fromexperimental datais famously complex.
Although the work is impressive, “ would be
cautious to interpret the significant differ-
ence to the standard model as a sign of new
physics”, says Matthias Schott, a physicist at
theJohannes Gutenberg University of Mainz
in Germany, who works on the ATLAS exper-
iment at CERN, Europe’s particle-physics lab
near Geneva, Switzerland. Physicists should
prioritize working out why the value differs
fromthe other recent results, he says.

Overweight particle

Since the Wboson was discovered at CERN
in 1983, experiments have calculated that it
weighs around the same as 85 protons. But its
exact mass has been challenging to quantify:
the first experimental estimate had error mar-
gins of 5% or more. “The measurement of the
Wbosonmassis arguably the single most chal-
lenging parameter to measure in our field,”
says Mika Vesterinen, a particle physicistat the
University of Warwick, UK, who works on this
measurement at CERN’s LHCb experiment.

With its cousin, the Z boson, the W is
involved in most types of nuclear reaction,
including the fusion that powers the Sun. The
WandZbosons carry the weak nuclear force —
one of the four fundamental forces of nature —
inasimilar way to how every electromagnetic
interactioninvolves the exchange of photons.

Colliders produce Wbosons by smashing
particles together at high energies. Exper-
iments typically detect the bosons when
they decay into a neutrino plus either a type
of'electron or its heavier cousin, the muon.
The neutrino escapes the detector without a
trace, whereas the electron or muon leaves
conspicuous tracks.

In the decay, most of the W’s original mass
transforms into the energy of the new parti-
cles. If physicists could measure that energy
and the path of all the decay particles, they
could immediately calculate the mass of the
Wthat produced them. But without being able
to track the neutrino, they can’t say for sure
which portion of the electron or muon’s energy
comes from the W’s mass and which comes
fromits momentum. This makes the measure-
ment “notoriously difficult”, Vesterinen says.
“You try to construct the mass whenyou only
see half of the decay.”

Inthelatest work, Kotwal and his collabora-
tors aimed to take the most precise measure-
menteverof the W’smass. Thedatahad allbeen
collected by 2011, when Fermilab’s Tevatron
—a6-kilometre-long circular machine that col-
lided protons with antiprotons and was once
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the world’s most powerful accelerator — shut
down. But the latest measurement would not
have been possible back then, says Kotwal.
Instead, it is the result of a steady improve-
ment in techniques for data analysis, as well
asthe particle-physics community’simproved
understanding of how protons and antiprotons
behaveincollisions. “Many of the techniques to
achieve thatkind of precisionwe had not even
learned about by 2012.”

0ld experiment, new tricks

The team looked at roughly four million
W bosons produced in the CDF detector
between 2002 and 2011 — a data set four
times larger than the group used in an early
measurementin 2012 (ref.2). Theresearchers

“Thereis astrongclueinthis
particular measurement
about what nature might
haveinstoreforus.”

calculated the energy of each decay electron
by measuring howits trajectory bentinamag-
netic field. One painstaking advance over the
past decade improved the resolution of the
trajectories from roughly 150 micrometres to
less than 30 micrometres, says Kotwal.

After mapping the distribution of the
electrons’ energies, the team calculated the
boson mass thatbest fitted the data. That was
80,433.5 megaelectronvolts (MeV), with an
error margin of just 9.4 MeV.

Theresultsjoina clutch of Wmass measure-
ments produced by leading particle colliders
worldwide; the precision hasimproved since
the particle’sdiscovery. Researchers working
on CDF and DZero, the other major detector
atthe Tevatron, published earlier, less-precise
measurements of the W’s mass?*. The ATLAS
andLHCb experimentsat CERN’s Large Hadron

A collision shows a W boson decaying into a
positron, or antielectron (magenta, left), and
an unseen neutrino (yellow arrow).
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Collider, the world’s most powerful accelera-
tor, have also published their own values*>.

The latest CDF result claims to double the
precision of the previous record holder, the
ATLAS measurement of 80,370 MeV with
a margin of £19 MeV. But it disagrees with
several previous measurements that were
all compatible with the best theoretical pre-
diction of 80,357 MeV. ATLAS and LHCb are
updating their Wboson measurement. Within
afew years, they should be able to reach the
precision of the CDF result, says Vesterinen,
and could confirm or challenge it.

One difference between the experiments
lies in how the teams model the production
of the Wboson, which affects calculations of
its mass. LHC physicists have previously high-
lighted faults with the computer program used
by CDF, called Resbos; an improved iteration
exists. But Kotwal says that CDF researchers
picked the original technique far in advance,
and it would have been wrong to change
techniques to make the result converge with
theory.

Harbinger of theory woes

If the mass result stands, theorists will have
afield day. Theoretical physicists have pro-
duced a plethora of hypothetical extensions
or reforms of the standard model, and many
of those also predict a mass of the Wboson
different fromthatin the mainstreamtheory.
“Themass of the Wis the perfect place tolook
for new physics and deviations from the stand-
ard model,” says Sven Heinemeyer, a theor-
etician at the Physics Institute of Cantabriain
Santander, Spain.

Heinemeyer’s favourite explanation for the
discrepancy is supersymmetry, a model that
predicts the existence of a heavier partner for
each standard-model particle. Such particles
could continually pop inand out of the vacuum
surrounding a W particle, making it heftier.

Other possible explanations relate to the
Higgs particle, another boson, which was
discovered by the LHC in 2012. If the Higgs’s
properties differ from those currently theo-
rized —forexample, ifitisa composite particle
rather than an elementary one, or if multiple
versions of it exist — that would affect the
W’s mass.

Another major LHC experiment, called
CMS, is working on its own measurement of
the Wboson’s mass, says Canelli, a leading
researcher in the CMS collaboration (Canelli
isalsoamember of the CDF collaboration, but
she was not involved in generating the latest
result, toavoid conflicts of interest). “Itis one
of the mostimportant measurements fromour
physics programme.”
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