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Precision particle physics at low energies

Klaus Kirch, ETH Ziirich & Paul Scherrer Institut, Villigen PSI

This short article summarizes parts of a plenary talk presented at
the joint meeting of the Swiss and the Austrian Physical Societies
in 2015 in Vienna. In order to make reading easier, | have here
omitted references. However, the interested reader is referred to
an article which provides a comprehensive bibliography [K. Kirch,
The Virtue of Precision Particle Physics, Proc. 2" Int. Symp. Sci-
ence at J-PARC - Unlocking the Mysteries of Life, Matter and the
Universe, JPS Conf. Proc. 8, 001003 (2015);
http://journals.jps.jp/doi/10.7566/JPSCP.8.001003 ].

Particle physics experiments at low and at high energies are
complementary. ldeally any new particle produced and de-
tected at a high energy collider shows up also, via quantum
loop effects, in low energy precision observables. The other
way round, a phenomenon observed at low energies may
be confirmed by direct production of particles at high en-
ergy colliders. However, if the masses of such hypothetical
new particles are too large to be produced directly at high,
but still limited energies they will manifest themselves only
by indirect effects in precision measurements. In fact, the
energy at which experiments are performed does not play
much of a role anymore if it is low compared to the mass
scale of the new physics involved. Often then the practical
experimental situation favors low energies at which high in-
tensities of particles can be more easily obtained. This is re-
flected by the fact that some of the precision measurements
and searches at low energies are sensitive to mass scales
beyond 100 TeV which is far above what can be reached
directly today or even by future colliders.

The direction from observation at low to establishing at
high energy has played a key role in the development of
our extremely successful theory: The Standard Model (SM)
of Particle Physics. The SM unifies electromagnetic, weak
and strong interactions in one single theory and — although
experimentalists try hard — it didn’t fail laboratory tests, yet.
It is, arguably besides general relativity, our best theory in
physics. This already points to a most obvious deficiency
as the SM doesn’t know anything about gravity. Moreo-
ver, it has many parameters which are not predicted but
must be measured, e.g. all particle masses and the cou-
pling strengths of the interactions. And unfortunately, the
SM doesn’t explain some of our most puzzling astrophysi-
cal findings, namely the apparent existence of dark matter
and dark energy which seem to tell us that the material we
are made of is less than 5% of the energy content of the
universe while all the rest is yet unknown. Finally, we have
no real clue why the ordinary matter is still here and didn’t
annihilate with antimatter. They were presumably created in
equal amounts following the big bang and while the antimat-
ter seems to be gone, we are still here. All these puzzles
provide ample motivation to search for explanations in parti-
cle physics beyond the SM.

A promising route is therefore to test predictions of the SM
with as sensitive experiments as possible. These are kind
of the particle physicists’ crash-tests for an unbreakable
system so far. Imagine the fascination of ever more precise
tests — could a theory be finally ‘true’? Too many inconsist-
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encies are apparent. Sooner or later flaws will be found, little
deviations from the theory prediction or perhaps even large
ones.

Many readers will know about the history of quantum elec-
trodynamics, about the Dirac equation predicting g-factors
of 2 for fundamental spin-1/2 particles like the electron and
how the electron g-factor is approximately 2, but not just.
The experimental deviation from two and its explanation by
quantum loop effects, i.e. contributions of virtual particles,
lead to a tremendous development. It established quantum
electrodynamics as a corner stone of today’s SM and lead
to ever improving experimental tests of the ever improving
theory calculations of the electron g-factor, so far with trium-
phal agreement. Also the fine structure constant, which is
the coupling constant of the electromagnetic interaction, is
best determined from these experiments and calculations.
The accurate determination of the coupling constants of our
known interactions is of key importance and needed for pre-
cision predictions of other observables.

Ordinary nuclear or neutron beta decay provides another
example of a low energy process. It proceeds via exchange
of a virtual heavy W boson mediating the weak interaction.
The W has subsequently been detected at high energy ac-
celerators. The standard example of a weak decay process
is the decay of a muon, in which a positive muon decays into
a positron, an electron neutrino and a muon anti-neutrino
thereby conserving the quantum numbers of electric charge
and of lepton family. The so-called Fermi coupling constant
of the weak interaction is directly extracted from a precision
measurement of the muon lifetime. In fact the muon lifetime
has recently been measured with an unprecedented preci-
sion of 1ppm by the international MuLan collaboration in an
experiment at PSI. Today it is by far the best measurement
of any lifetime or linewidth of a particle or a state in physics,
whether in atomic, nuclear or particle physics.

While the ordinary muon decay provides the Fermi cou-
pling constant as input to the SM, crucial crash tests of the
theory are searches for forbidden or very much suppressed
alternative decay modes of the muon. These so-called rare
decays, like the one of a positive muon into a positron and
a photon (as if the muon was an excited positron) or the
one of a positive muon into two positrons and an electron,
search for lepton flavor violation which is a distinct feature
of many theories beyond the SM. The MEG collaboration
at PSl is searching for the decay of the muon into positron
and photon and has published a 90% C.L. limit of it being
less than 5.7 x 103 relative to ordinary muon decays. This
is the most stringent limit on any rare decay of any particle.
The MEG collaboration will soon publish a new result and is
pursuing an upgrade of their detector to a next stage. MEG-
2 will be an order of magnitude more sensitive again. At the
same time the Mu3e collaboration is preparing an experi-
ment at PSI to search for the muon decay into two positrons
and an electron improving by three orders of magnitude the
sensitivity over the present best limit, aiming first at 10-'*and
later even beyond.



Top view onto the heart of HIPA at PSI, the 590 MeV ring cyclotron
which delivers the most powerful 1.4 MW almost continuous proton
beam onto targets for the production of secondary particles. One
easily recognizes 8 sector magnets and 4 acceleration cavities.

The experiments mentioned so far use positive muons. Neg-
ative muons can be used to replace an electron in an atom,
for instance in hydrogen. The wave function of the 200 times
heavier muon has a much larger overlap with the proton
than that of the electron and this atom becomes very sensi-
tive to the finite charge distribution of the proton. A recent
experiment at PSI has measured the Lamb shift in muonic
hydrogen and extracted with unprecedented precision the
charge radius of the proton. A discrepancy to determinations
with electrons has been found and a global effort is under
way to resolve what is today called the proton radius puzzle.
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Why do such experiments take place at PSI? The High
Intensity Proton Accelerator HIPA at PSI provides with its
1.4 MW beam power of 590 MeV kinetic energy protons on
targets the world-wide highest intensities of low momentum
pions and muons. It is thus the best and often the only place
for such high precision studies. The photograph shows a
top view onto the ring cyclotron which was conceived, de-
signed and built more than 40 years ago and has greatly
outperformed other machines and superseded its own de-
sign current due to continuous upgrades by a factor of more
than 20. Today, HIPA drives besides particle physics beam
lines also the neutron source SINQ and the muon spin rota-
tion facility SpS. It also serves the new high intensity source
UCN for ultracold neutrons and by that provides the high-
est intensities of the lightest unstable, low energy particles
of their kind: mesons (pions), leptons (muons) and baryons
(neutrons). The ultracold neutrons are used to search for the
permanent electric dipole moment of the neutron (nNEDM)
which is a quantity extremely small in the SM but it could
eventually provide a clue to the matter — antimatter asym-
metry problem mentioned above. The international nEDM
collaboration at PSI pursues the most sensitive such experi-
ment in a highly competitive field.

It is important to emphasize that these searches are un-
dertaken to find something. While the SM seems unbreak-
able so far we are convinced that there is more to be found.
As it is not exactly clear what and where, it is important to
search in many systems where highest sensitivities can be
obtained. In the interpretation of the various results particle
physics theory is playing a key role. A growing effort is put
into model independent analyses which allow combining
all kinds of results, from collider searches to lowest energy
studies, with the goal to constrain and eventually establish
new physics beyond the SM.
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