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Chapter 8

The needle in the dark haystack—
experimental attempts

The most beautiful theory in physics is not worth much without any experimental
evidence. This is a problem theoretical physics faces on a regular basis. Indeed, while
we push our theories forward, we should not forget that experimental testability is
one of the key factors in physics. In what concerns keV sterile neutrinos, we have
seen that they can have a detectable impact on astrophysical environments and on
cosmic structure formation. If our data improves in these fields, we may already
have a possibility not only to indicate the existence of sterile neutrinos but even to
potentially distinguish different production mechanisms. But what is the situation
for lab-based experiments?

In a nutshell, as should be evident by now, this is quite a challenge. Basically all
lab-based direct searches for keV sterile neutrinos have to rely on the tiny active-
sterile mixing. Even worse, in fact only the mixing with the electron-sector can at all
be probed, due to all sufficiently stable isotopes not involving any charged leptons
beyond electrons (because of the energy scales involved). Nevertheless, several
experimental collaborations have been formed which hunt for keV sterile neutrinos.
We will in this chapter first discuss the possibilities that are inspired from experi-
ments on the active-neutrino mass, namely trying to constrain keV sterile neutrinos
either by their impact at the β-decay spectrum (section 8.1) or on the branching
ratios of electron capture decays (section 8.2). A newer and maybe promising idea is
based on keV sterile neutrino capture on stable isotopes, see section 8.3, which is not
yet investigated at the same detailed level but which has the huge advantage of being
scaleable. However, at the moment, all these attempts seem not to be able to probe
relevant parameter space. Finally, in section 8.4, we will comment on which
conclusions can be drawn from on-going active-neutrino experiments and summa-
rise how future experimental constraints may influence the keV sterile neutrino Dark
Matter parameter space.

doi:10.1088/978-1-6817-4481-0ch8 8-1 ª Morgan & Claypool Publishers 2017

http://dx.doi.org/10.1088/978-1-6817-4481-0ch8


8.1 Single beta decay
Let us start with the simplest process. Ordinary β−-decay typically proceeds by a
nucleus changing its atomic number by one unit,

ν→ + + + ¯−Z A Z A e( , ) ( 1, ) , (8.1)e

in which process a highly relativistic electron is emitted along with an electron anti-
neutrino. However, as we have already learned in chapter 2, an electron neutrino is not
a mass eigenstate and, thus, it cannot be a proper external state in any reaction.
Instead, we have to view it as a superposition of several mass eigenstates, ν1,2,3.
Furthermore, if the Q-value (i.e. the energy release) of the decay is large enough for a
given isotope, this may also produce the heavy mass eigenstateN1 (or possibly an anti-
version, N1), which is predominantly sterile. Of course, the amplitude for this to
happen will be suppressed by a factor of θsin e,4, see the cartoon on the left of figure 8.1.

But how could we measure the emission of a sterile neutrino? Fortunately, a nearly
suitable experiment already exists! First, it is important to realise that, in fact, there is
not much of a principle difference between measuring the active or sterile neutrino
masses. In both cases, while the neutrino cannot be measured directly, its production
will also affect the spectrum of the electrons involved in the decay. It is just that, due
to the different mass of the sterile neutrino compared to the active ones, this
modification will be visible at a different energy. In the right panel of figure 8.1, we
depict the relevant case of tritium decay, with a Q-value of 18.6 keV. While active
neutrinos would modify only the endpoint of the spectrum, the influence of a keV
sterile neutrino is two-fold: on the one hand, since the presence of a sterile neutrino
affects the unitarity of the active-neutrino part of the mixing matrix, there is an
overall reduction of the decay rate; on the other hand, since the sterile neutrino can
only be produced once the electron only carries away a small enough part of the
energy, a kink in the spectrum appears somewhat closely to the sterile neutrino mass
(taken to be 10 keV in the example shown). This is crucial because, while an overall
reduction of a decay rate may be down to all kinds of effects (such as uncertainties on
the nuclear physics involved) and since it is tiny in any case (note that it is strongly

Figure 8.1. The process of β−-decay involving a sterile neutrino (left) and the possible effect of a sterile
neutrino on the spectrum as a function of the electron kinetic energy E e

kin (right).
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exaggerated in the example shown in figure 8.1), a kink in the spectrum can possibly
be observed by taking a differential measurement of the full spectrum.

Which experiment can do this job? As it appears at the moment, the only
upcoming such measurement will be performed by KATRIN [1], which is basically a
spectrometer for electrons close to the kinematic endpoint of tritium beta decay. In a
nutshell, this means that the energy of the most highly energetic electrons released is
measured very precisely, because for those the neutrino emitted in the decay will
basically be at rest—thus, its mass directly shows up in the energy balance.
Experimentally, this is achieved by the electrons passing through a very complicated
configuration of magnetic fields (called ‘MAC-E filter’), which carefully selects only
the fastest electrons. They will then ultimately be subjected to a retarding potential
created by a suitable voltage applied (colloquially speaking, they have to climb up a
steep hill) and, depending on their energy, they may finally be detected. By varying
this voltage and counting the electrons at the detector, one can then determine the
number of electrons for a given kinetic energy.

However, the problem is that KATRIN is truly dedicated towards active
neutrinos, and it basically discards all electrons with an energy away from the
kinematic endpoint. Furthermore, it only has to handle very few electrons, since the
number of events is strongly suppressed at the endpoint. For a keV sterile neutrino,
instead, one would need to detect the full spectrum, which means that many more
electrons have to be counted at a given time. Furthermore, the measurement of the
spectrum should be very accurate, to detect the tiny modification induced by small
active-sterile mixings. These different requirements were the main reasons to
propose the TRISTAN upgrade of the experiment [7], which tries to overcome all
difficulties by basically switching off the retarding potential, considerably modifying
the MAC-E filter, and using a detector based on semiconducting material (silicon, to
be precise) to perform the energy measurement. Such a detector has the great
advantage of a very good energy resolution (∼1%), however, it is clear that this
requires a major upgrade of the existing facilities.

Thus, the question is, how much do we gain? We will see in section 8.4 how far
this could reach.

8.2 Electron capture decays
The next generic possibility, again inspired from attempts to measure the active-
neutrino mass, is to investigate electron capture reactions. In this process, a bound
electron in an atom is absorbed by the nucleus, which then emits an electron
neutrino νe or, rather, a superposition of the mass eigenstates available. Similarly as
before, such a reaction can also produce a sterile neutrino N1 as long as the energy
release is sufficiently high, see the left panel of figure 8.2. However, just as for single
beta decays, the emission of that particle is suppressed by a small factor of θsin e,4 in
the amplitude.

Given that bound electrons have discrete energy levels, the resulting neutrino
spectrum (and also the nuclear recoils) will also be discrete, up to the widths of the
bound states. Thus, if the energy release is measured in a calorimeter, then the
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corresponding spectrum should be a collection of smeared peaks, at different
energies depending on the shell from which the electrons are captured. The example
of holmium decay is depicted in the right panel of figure 8.2, featuring a Q-value so
small that electron capture can only proceed from the s3 shell or from even higher
orbits. Again, the effect of the sterile neutrino is on the one hand an overall
reduction of the spectrum and on the other hand a kink in the vicinity of the sterile
neutrino mass. However, note that the effect here is not visible too well in the plot,
because of the log-scale used for the y-axis. Thus, in order to at all visualise the effect
in the figure, we have chosen a ridiculously high value (i.e. nearly maximal) for the
active-sterile mixing angle. However, in reality, the effect is of a strength similar to
the case of single beta decay.

The upcoming experiment performing such a measurement is called ECHo [3],
which is based on the use of metallic magnetic microcalorimeters operated at low
temperatures. This basically means that the detector is identical to the source, and
what is measured is the total energy release inside the source (except for the part
carried away by the emitted neutrino). In order to get precise information about the
neutrino mass, no matter if active or sterile, it is indispensable to have precise
knowledge of the Q-value of Ho-163. However, typically, the values found in the
literature are not known accurately enough for such a delicate task as the determi-
nation of the neutrino mass. This problem was solved by independently measuring the
relevant Q-value by Penning traps [2], which resulted into a value of 2.833 keV. Thus,
for a sterile neutrino mass below that number, one can in principle use electron
capture reactions to search for these particles.

The obvious problem with this kind of measurement, as we have already seen in
chapter 6, is that sterile neutrino masses below 3 keV are not very likely, given that
all known Dark Matter production mechanisms yield lower bounds on the mass
which are larger than that. Nevertheless, if the structure formation bounds were not
as tight as we currently think, or if an entirely new production mechanism was
proposed, then an experiment like ECHo could nevertheless potentially probe
relevant parameter space. We will see in section 8.4 how ECHo compares to other
experiments.

Figure 8.2. The process of electron capture (EC) involving a sterile neutrino (left) and the possible effect of a
sterile neutrino on the spectrum as a function of the calorimetric energy Ec measured by the detector (right).
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8.3 Sterile neutrino capture on stable nuclei
The two methods described both have the problem of the lifetimes of the unstable
isotopes being too large, which limits the event rates (i.e. the statistics) and hence
the possible discovery reach. Given that long lifetimes are associated with small
Q-values, this is not entirely bad, since the sterile neutrinos emitted will have a more
visible influence on the spectrum. However, even with that bonus, the problem
remains that low lifetimes can only be compensated by large amounts of material—
which is precisely what is not desirable to have of radioactive substances. Thus, the
experiments described above have the massive drawback of not being scaleable.

Thus the question arises where one could possibly attempt a measurement based
on non-radioactive material (or, at least, material whose radioactivity does not
supersede natural activity levels). Indeed, a proposal for such an experiment has
recently been put forward in [4]. The basic idea is the following: imagine there is an
isotope that is ‘just’ stable, i.e. it has a Q-value which is negative but with a very
small absolute value. While such an atom or nucleus could not decay sponta-
neously, it may still be able to ‘capture’ an incoming sterile neutrino, supposing its
energy is large enough to provide the missing bit necessary for the transition. While
such an endeavor is probably hopeless for detecting (non-relativistic) active or eV-
scale sterile neutrinos, due to their small mass, this may be different for a sterile
neutrino with a mass of a few keV. If the energy balance was positive, then such a
capture reaction could take place in the way illustrated on the left of figure 8.3.

Does an isotope with suitable properties exist? In fact, we have already seen a
similar situation for Ho-163, whose Q-value was so small that only capture from the
s3 shell or even higher orbits was energetically possible. Thus, we may wonder
whether its decay product, Dy-163, could do the job. Indeed, this isotope is only just
stable—to the point that, if fully stripped of electrons, it can undergo bound-stand
beta decay back to Ho-163, with a final-state electron in one of the first two shells.
Indeed, with a Q-value of = −Q 2.833 keVcapt , dysprosium looks just about right for
such a measurement to be undertaken. In principle, one would only need to place

Figure 8.3. The process of sterile neutrino capture on a stable target (left) and the corresponding spectrum
(right), with the data for the latter taken from [4].
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large amounts of Dy-163 somewhere (or have them already present, e.g. in natural
rocks) and wait for the Dark Matter particles to produce Ho-163. This would work
since, geologically, no abundance of Ho-163 can be expected—it would all have
decayed by now unless there is a constant source refueling it, such as scattering by
keV sterile neutrinos. If one then can either detect the Ho-163 production, measure
its decay rate, or at least count the holmium atoms produced (which is technically
feasible even for single atoms!), then one can in turn constrain the mass and mixing
angle of the sterile neutrino, which is what drives the production rate of Ho-163.

Thus, there are different methods to possibly perform such a detection of keV
sterile neutrinos. There is an intrinsic background, however: neutrinos emitted from
our Sun can in principle also have high enough energies to induce the transition from
Dy-163 to Ho-163. While an experiment without any background is always easier to
perform than one with background, in this case there may also be an advantage to it:
given the characteristic shape of the solar neutrino spectrum, it can possibly even be
used to minimise uncertainties associated with the nuclear physics part of the
transition. But, in any case, as long as one can perform a real-time measurement of
the dysprosium–holmium transitions (e.g. by a calorimeter, in which the energy
deposition resulting from the generated electron is measured), the experiment should
exhibit a peak in energy at an electron kinetic energy of = − ∣ ∣E M Qe

kin 1 capt . By a
finite energy resolution, this peak will be broadened a little, but realistic estimates of
resolution in the 0.5 keV ballpark show that nevertheless a visible peak should
remain in the spectrum on top of the continuous spectrum of transitions induced by
solar neutrinos—see the right panel of figure 8.3. Also depicted in this figure is the
electron capture spectrum of the Ho-163 isotopes produced (as a function of the
calorimetric energy Ec in that case), whose normalization depends on whether sterile
neutrinos contribute to the production of holmium, or not. Thus, in addition to
directly observing the peak associated with N1-capture, one could also measure the
number of Ho-163 decay in a harvested block of Dy-163, which would have been
exposed to the sterile neutrino flow from them being Dark Matter for geological
times.

At first sight, this idea seems to be more promising than the previous two, at least
from the fact that this approach, based on non-radiative material, is scaleable.
However, admittedly, this proposal is currently in its initial stages. Let us see in the
next subsection how the different ideas compare to each other.

8.4 Drawing conclusions from active-neutrino experiments
and getting a global picture

Having discussed a few methods to directly detect keV sterile neutrinos, or at least
their influence on certain transitions, we would like to briefly comment on whether
we can learn something from active-neutrino experiments. After all, sterile neutrinos
are intimately connected to the active-neutrino sector, as we have seen in chapter 2,
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and the corresponding experiments are in parts even running. Can we hence learn
anything from the observables (to be) measured for active-neutrinos?

While in principle the answer to this question must be ‘yes’, due to active and
sterile neutrinos being entangled, it will be hard to draw any conclusions in practice.
One idea discussed in the literature has been that the mass pattern of active neutrinos
may be reflected in the mass pattern of sterile neutrinos. This would indeed be the
case if the active-neutrino masses simply arose from a seesaw type I framework, as
discussed in section 2.2. Such a situation would in fact be given in the νMSM, whose
peculiar sterile neutrino mass pattern requires one of the active neutrinos to be
quasi-massless. Thus, given that on-going experiments (or cosmological observa-
tions) could potentially show light neutrino masses to be quasi-degenerate (i.e.

≃ ≃m m m1 2 3), this setting could by that observation in principle be excluded [5]. On
the other hand, even that only holds under particular circumstances (namely the
absence of CP violation in the neutrino sector) and, after all, it would in any case just
constrain one particular scenario. Another possibility would be to investigate the
value of the effective mass ∣ ∣mee as probed in neutrinoless double beta decay, which
would in general also be influenced by the presence of sterile neutrinos. On the other
hand, that also turns out to be an invisible influence even under very optimistic
assumptions [6], which derives from the fact that the x-ray bound on the active-
sterile mixing is so strong (see section 7.1).

Hence, when trying to get a feeling for the reach of future experiments, it is
sufficient to at first order only consider the experiments discussed in sections 8.1–8.3.
This is done in figure 8.4, where we have displayed the same parameter range as in
figures 6.3 and 7.2, just this time with only the Tremaine–Gunn, overclosure, and
x-ray bounds displayed in addition, in order not to make the plot too busy yet.

First of all we can see that, at the moment, in fact none of the possible
experiments described is able to even overcome the overclosure limit: thus, if sterile

Figure 8.4. Sensitivities of various ground-based experiments.
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neutrinos existed with the properties accessible by experiments, they would have
been produced in vast amounts in the early Universe by simple non-resonant
production (section 4.2). However, once produced, we could not get rid of those
sterile neutrinos anymore both due to their feeble interactions (section 2.3) and due
to them decaying only very slowly (section 7.1). Thus, in that case, they would
have completely overclosed the Universe and it would have been collapsed
before mankind even came into existence. While it is fortunate for us that sterile
neutrinos, if they exist, certainly do not have these properties, this is also what
makes any experimental attempts rather challenging.

Still, at least we can obtain complementary bounds for what we otherwise only
know from cosmology and astrophysics. Looking at the sensitivities displayed, we
can see that ECHo (KATRIN/TRISTAN) can do this job for sterile neutrino masses
below 2.833 keV (18.6 keV), with the mass ranges being limited by theQ-value of the
respective reaction. In that sense, keV sterile neutrino capture on dysprosium is
nicely complementary to these two approaches, given that it, in contrast, needs the
sterile neutrino mass to be larger than 2.833 keV.

But how far can we go in terms of active-sterile mixing? For electron capture
and single beta decay, the scaling is rather easy: a bigger mixing angle yields a
bigger influence, as does a bigger mass (within the allowed range), so that these
experiments benefit from comparatively ‘heavy’ sterile neutrinos. Still, even for
rather optimistic assumptions, electron captures will only be able to go down to,
about, θ ∼ −sin (2 ) 10e

2
, 4

6.1 Experiments on single beta decays could possibly go one
order of magnitude further (albeit for a different mass range), however, also that
does not even come close to cosmological bounds. This is at least slightly different
in case future experiments try to search for sterile neutrino capture. While also here
a larger mixing angle is easier to detect, the method would in fact benefit from keV
sterile neutrinos being on the lighter side, since this would imply a larger number
density of them in the Universe (assuming that they make up all, or at least a
decent fraction, of the Dark Matter)—thus the ‘dip’ of the corresponding
sensitivity curve at ∼M 5 keV1 . Still, at least in current considerations, this method
also does not seem to be able to go much further than KATRIN/TRISTAN.
Nevertheless, we want to stress once more that the approach of sterile neutrino
capture can at least in principle be scaled, which may one day provide the key for
the world-record laboratory bound on the active-sterile mixing angle.

Yet, even when being as optimistic as possible, we can quite generally state that
for masses above, say, 10 keV, we cannot expect lab experiments to yield any
competitive bound, unless some completely revolutionary idea arises. Still, perform-
ing at least some of the above experiments will strengthen our picture and, after all,
experiments have often in history led to surprises that the scientific community did
not anticipate.

1Note that, for all experiments, only the mixing with the electron sector can be constrained, due to only
electrons being present in ordinary matter. In contrast, the x-ray and overclosure bounds hold for mixing with
any sector.
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