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Due to their enormous precision low energy experiments with photons provide a unique
window towards fundamental physics. More generally, low energy but high precision exper-
iments may provide for a powerful probe of new physics beyond the Standard Model which
is complementary to collider experiments. In these notes we argue that Axions, WIMPs
and WISPs are phenomena that can be tested in low energy experiments. At the same
time these particles are motivated by experimental and observational evidence as well as
the desire to test theoretical model building. This provides an excellent ‘physics-case’to
search for new phenomena at the low energy frontier.

1 Introduction – Hints for new physics

Over the years both theoretical as well as experimental evidence has accumulated that strongly
suggests the existence of physics beyond the current standard model of particle physics (SM).
The Large Hadron Collider currently starting up at CERN will test many of the ideas for such
physics beyond the standard model (BSM) and hopefully will provide us with a wealth of new
information. In this note we argue that there is also a very good motivation to search for new
physics in low energy experiments that can provide us with powerful complementary information
on currently open questions and in particular on how the standard model is embedded into a
more fundamental theory.

Let us begin by briefly repeating some of the main reasons why we believe that there must
be physics beyond the standard model.

On the theoretical side there are a number of deficiencies in the SM. Some of them could be
just aesthetic defects but some may go deeper. First of all the SM has a relatively large number
O(30) free parameters that cannot be determined from theory alone but must be measured
experimentally. Although this does not indicate an inconsistency of the theory it certainly is
not in line with the hope that a fundamental theory of everything should have very few, possibly
only 1 or even 0, free parameters. Moreover, some of the parameters seemingly need to require
an enormous degree of finetuning or appear unnaturally small. Well known examples are the
Higgs mass but also the θ parameter of QCD (which must be extremely small in order not to be
in conflict with the observed smallness of strong CP violation). Another dissatisfying feature
is that gravity is not incorporated into the SM but rather treated as a separate part. This is
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not just an aesthetic defect but also an expression of the fact that the quantization of gravity
is still not (fully) understood. Finally, strictly speaking the SM will most likely not be valid
up to arbitrary high energy scales. On the one hand this is due to our current inability to
properly quantize gravity. But even the non-gravity parts are probably encountering problems
in the form of Landau poles (places where the coupling becomes infinite) in the QED sector (at
a very high scale much beyond the Planck scale) but probably also in the Higgs sector (where
the problem is much more immediate and will occur at scales much below the Planck scale -
depending on the Higss mass possibly even not much above the electroweak scale).

Next there are quite a few phenomena which are experimentally well established but for
which there is no good explanation within the standard model. The most shocking of which is
probably the realization that most of the matter and energy in the universe actually is not made
up of SM particles. Cosmological and astrophysical observations give strong evidence that about
70 % of the energy in the universe is dark energy and another 25 % is dark matter [1]. These are
things that simply do not appear in the current SM (although they could be accommodated see,
e.g., [2]). But even within the standard model there are things which are experimentally well
established but for which a good explanation is lacking. These are, e.g., the existence of three
generations of SM particles, the mass hierarchies for the SM particles and the small parameters
such as, e.g., the already mentioned θ parameter [3]. The latter is, of course, a repetition of
some of the problems already mentioned as ‘theoretical’ problems showing that they actually
arise from experimental results.

Finally, there is the direct experimental evidence for BSM physics. At the moment most of
this is still relatively circumstantial but it definitely demonstrates that low energy experiments
can provide information on BSM physics as well as opening new directions which can be explored
(or close others). Examples are the deviation [4] of the muon (g− 2) from the SM expectation,
the excess in the event rate of the DAMA [5] experiment and the PVLAS anomaly [6] (which has
been retracted [7] but, as we will see, has inspired a lot of fruitful experimental and theoretical
activity). Most recently, a lot of interest has been generated by the observation of a positron
excess by the PAMELA satellite [8]. This has led to great interest in the existence of new “Dark
Forces” which are relatively long range with force carries of mass ∼ GeV (see, e.g., [9]).

2 Bottom-up/phenomenological arguments

In this section we will present several examples for physics at the low energy frontier that arise
from more phenomenological arguments - a line of thought that could be called ‘bottom-up’
and that follows a hands-on approach on fixing problems step by step.

Axions are a good example for this approach [10]. The extreme smallness of the θ-angle
is unexplained in the standard model. This can be solved by introducing a new symmetry -
the Peccei Quinn symmetry. As a consequence one predicts a pseudo-Goldstone boson, the
axion. This is already a good motivation to experimentally search for the axion, for example
in light shining through a wall experiments [11–14] (see also next section), laser polarization
experiments (as, e.g., PVLAS) [6, 7, 15] or axion helioscopes [16]. The case for this search is
then strengthened by the finding that the axion is also a valid candidate for dark matter [17].
This prediction, however, not only strengthens the physics case for searching axions but it also
opens new ways to do so. One can search for axion dark matter, for example using resonant
cavity techniques [18] or looking in the sky for axions decaying into photons.

Another example are WIMPs (for a review see [19]). As a solution for the hierarchy problem
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in the SM one can, again, introduce a symmetry: SUSY. Introducing SUSY leads to many new
particles, notably the heavy supersymmetric partners of the SM particles, which are weakly
interacting and massive, i.e. WIMPs. Some of them are good candidates for dark matter.
Again good motivation to perform a WIMP search. Another incentive is that SUSY also allows
to explain the deviation of the muon (g − 2) from its SM value that was already mentioned in
the introduction. SUSY might be discovered at a collider such as LHC. Such an experiment
may even find a dark matter candidate. But in order to know that such a candidate really
makes up all or most of the dark matter, i.e. if it was produced in sufficient quantities, one
needs the low energy WIMP searches [5, 20] which therefore give us crucial information.

The PVLAS anomaly which was in contradiction to the SM expectation led to the intro-
duction of several types of WISPs (weakly interacting slight (or sub-eV) particles). To check
their result and to search for these WISPs the PVLAS group then improved their apparatus
finding that the original result was probably an artifact of the apparatus [7]. However, this is
not the end of the story. The introduction of WISPs also led people to realize that there is a
large amount of unexplored parameter space for new physics that (e.g., due to the extremely
weak interactions involved) cannot be tested in conventional colliders [21]1. Yet, new ideas
how to access this parameters space in low energy experiments and observations have been put
forward [23]. Moreover, it was (re-)discovered that the extremely weak interactions of WISPs
are often connected to very high energy scales & 105 GeV, in some cases even as high as the
string or the even Planck scale ∼ 1018 GeV. Showing that the new and improved low energy
experiments can give us complementary information on very high energy physics. Let us see in
the next section how the precision of low energy photon experiments turns them into a probe
for very high energy scales.

3 Low energy photon probes

Let us look a little bit more closely how we can use low energy photon experiments to search
for Axions and more general WISPs.

One of the most intriguing idea is a so-called light shining through a wall experiments [11–14].
The schematic setup is shown in Fig. 1. The power of this type of experiment lies in its enormous
precision. Laser powers of the order of ∼ 100W corresponding to 1021 photons per second are
easily achievable. Moreover, it is certainly possible to detect as little as 1 photon per second.
This allows us to search for particles with a transition probability as low as 10−21!

Let us further illustrate this with an example. Axions and axion like particles (a) couple to
two photons with an interaction

Lint ∼
1

M
aF µν F̃µν ∼

1

M
aE ·B. (1)

Here M roughly gives the energy scale where the new physics connected to the axion (like
particle) happens. (In some cases there is an additional (small) coupling constant involved, e.g.
the electromagnetic coupling, then we probe a scale ∼ αM .)

Experimentally the electric field is provided by the laser photons and a strong magnet
(typically a recycled accelerator magnet) provides the magnetic field. In this situation the

1Astrophysical arguments are, however, a different matter. For an overview over pre-PVLAS work in this
direction see, e.g., [22].
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Figure 1: Schematic setup of a “light shining through a wall experiment”. A laser is shone on an
opaque wall. After the wall a detector is placed to search for photons that somehow make it through
the wall. The idea is that some of the photons are converted into very weakly interacting particles X
which can simply traverse the wall. After the wall the X particles reconvert into ordinary photons and
can be detected. In some cases (e.g. Axions) the conversion can be stimulated by the presence of a
magnetic field. In other cases (e.g. extra hidden, massive U(1) gauge bosons the conversion results from
an oscillation between the photon and the new particle which is very similar to neutrino oscillations.
Then it can happen even in vacuum.

probability for a photon to traverse the wall is given by

Pγ→a→γ ∼ Npass

( |B|L
M

)4

, (2)

where L is the length of the magnetic field region. Moreover, we have included a factor Npass

accounting for the fact that we can use mirrors to reflect the light back and forth inside the
interaction region to enhance the transition probability (see [11, 14] for experiments that have
implemented this feature). Npass ∼ 100, B ∼ 5 T ∼ 1000 eV2 and L ∼ few × m ∼ (107 −
108) eV−1 are realistic values. Inserting this into Eq. (2) and remembering that we can detect
probabilities . 10−21 we find that the experiments are sensitive to

M ∼ (106 − 107)GeV. (3)

In other words we are probing for new physics connected to energy scales (104−107)GeV, much
higher than the scale of current accelerator experiments.

The enormous precision is what makes photon experiments such a powerful tool to search
for new physics. Here, we demonstrated this precision using light shining through a wall ex-
periments searching for axion like particles as an example. This precision can also be exploited
in a wide variety of other experiments [6, 7, 15, 23], including laser polarization experiments,
experiments with microwave cavities, but also traditional tests of the Coulomb’s law. These
experiments can search for a huge variety of different WISPs such as hidden sector photons,
minicharged particles and chameleon particles, as well as many other interesting things.

4 Top-down/theory arguments

Instead of taking small steps and fixing the problems, in the process often creating a more and
more baroque model, one can also go back to the drawing board and rethink the very principles
on which the original model was based. One such attempt (among others) is string theory. One
of the main motivations for string theory is to unify the SM with gravity. To achieve this point
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particles are replaced by extended strings. Currently string theory is not yet in a state where
it provides a first principle derivation of the SM and corrections to the same. Nevertheless,
it has a variety of general features that suggest avenues for model building and also specific
phenomena.

One such general feature is that for consistency string theory likes SUSY. Following the
arguments from the previous section SUSY provides a good physics case for WIMP searches.
Accordingly string theory strengthens the physics case for such searches.

Another property of string theory is that in order to be consistent it needs the existence
of extra (space) dimensions. In order to be in agreement with observation all except the well
known three have to be compactified. However, compactification leaves its traces2. Shape and
size deformations of the compactified dimensions correspond to scalar fields, so-called moduli.
These could be very light (it is actually often difficult to give them any mass at all) and provide
excellent WISP candidates (and may also be searched for in fifth force experiments [24]). In a
similar manner also various types of axions appear in string theory (see, e.g., [25]). The physics
of these particles (e.g. the small size of their interactions) is inherently linked to the string scale.
Hence, suitable low energy experiments searching for such WISPs may give us the opportunity
to probe the fundamental theory and its associated fundamental energy scale.

String theory also tends to have whole sectors of extra matter in addition to the ordinary
SM matter. This matter often lives in so-called hidden sectors which have only extremely weak
interactions with the SM particles. Accordingly particles in these sectors may avoid detection
in collider experiments even if they are light, i.e. these hidden sector provide good candidates
for WISPs3. Typical WISP candidates arising from such hidden sectors are extra ‘hidden’ U(1)
gauge bosons and ‘hidden’ matter charged under those U(1)s [28, 29]4. In many models these
hidden sectors are located at a different place in the extra dimension than the SM sector5.
Accordingly searching and testing these hidden sectors can give us crucial global information
on the compactification that can hardly be obtained from collider experiments which probe the
local structure that has relatively strong interactions.

Finally, string theory also motivates some surprising things. In particular, some models
predict non-commutativity and other Lorentz symmetry violating effects [34]. This then can
also be tested in low energy experiments and observations such as, e.g., comparing the spectrum
of hydrogen and anti hydrogen atoms [35] or by observing if light from gamma-ray bursts
arrives at (slightly) different times depending on its polarization [36]. These experiments and
observations (see [37] for an overview) again provide an ultra high precision that can then give
us insights into the fundamental theory at very high energy scales.

Let us again illustrate the power of precision by an example. In some models of non-

2If the size of the extra dimension is large enough there could actually be a very direct consequence: the inverse
square law of the gravitational force would be modified. This, too, can be tested in low energy experiments [24].

3If the hidden sector particles are somewhat heavier they can also be WIMP candidates [26] (which in some
cases can also be searched for at colliders [26,27]). However, this also depends on how strict one takes the ‘Weak’
in the name WIMP. Often it is constraint to be the weak of electroweak. Then hidden sector particles cannot
really be WIMPs.

4The hidden U(1)’s can interact with the SM via a kinetic [30], magnetic [31] or mass mixing [32] with the
ordinary photon. The kinetic or magnetic mixing can then also lead to a small electric charge for the hidden
matter [30,31].

5An alternative to truly hidden sectors are sectors with hyperweak interactions [33]. Although in these models
the new particles can have tree-level interactions with the standard model particles these are extremely weak.
Effectively they are diluted because the hyperweak sector extends more into the extra dimensions. Accordingly
these, too, contain more information about the global structure.
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commutativity the two polarizations of light move at slightly different speed,

∆c

c
∼ 10−34

(
MP

MNC

)2

. (4)

Now assume that we observe light from a very distant source. For example, a gamma ray burst
at a distance of ∼ 109 lightyears. If the two polarization directions move with slightly different
speeds one will arrive earlier than the other. If we can measure time differences of the order of
1 second we already have an enormous precision of 1 part in 1016 in the speed of light. In our
example this means that we are probing energy scales of the order of 109 GeV. However, we can
actually do much better. Using polarimetric measurements one can search for time differences
corresponding to one wavelength or less. This gives us another amazing factor of & 1015 in
the precision. Overall we can test for differences in the speed of light of the order of 1 part in
& 1032. Comparing with Eq. (4) we see that this really tests Planck scale physics!

5 Conclusions

Both the phenomenological bottom-up and the more theory oriented top-down approach pro-
vide an excellent physics case motivating further experiments at the low-energy frontier such as
searches for axions, WIMPs and WISPs and other interesting effects such as Lorentz violation.
These phenomena are often connected to energy scales much higher than those reachable in
near future accelerators. They provide experimental access to hidden sectors that may contain
crucial information on the underlying global structure of a more fundamental theory. Moreover,
they give us reasons to challenge and experimentally check basic assumptions as, e.g., Lorentz
symmetry. In conclusion, low energy but high precision experiments provide crucial comple-
mentary information to uncover the nature of a more fundamental theory beyond the standard
model.
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