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Abstract. I discuss the physics opportunities raised by so called neutrino factories. Specifically the sensi-
tivity to the small mixing angle θ13, to the mass hierarchy and to the CP phase are presented and compared
to the ones of other experiments like superbeams and reactors.

PACS. 14.60.Pq Neutrino mass and mixing

1 Introduction

Several years ago the decay of muons in a storage ring was
proposed as high intensity source of neutrino beams [1]. In
the decay of a muon one νµ and one ν̄e is produced. Due to
the high energy of the muon ∼ 50 GeV the neutrino emis-
sion is peaked in forward direction. The ν̄e can oscillate
into ν̄µ and the ν̄µ can produce µ+ via charged current
in the detector. These µ+ are called wrong sign muons.
Whereas the surviving νµ produce µ−. Thus a neutrino
factory detector has to be able to separate both charges
with a very high purity. The wrong sign muon sample
is especially interesting since it measures the transition
probability Pν̄e→ν̄µ

, which is particularly sensitive to θ13,
the mass hierarchy and the CP phase. This transition on
the other hand is also plagued with degeneracies and it is
therefore not straightforward to translate the event num-
bers into physical parameters like θ13 or the CP phase δ
(see e.g. [2]). The results shown in the following are a com-
pilation and an update of the results presented in [3,4,5,
6]. A relatively recent and more general review is given
in [7].

2 Sensitivity to sin2 2θ13

In Fig. 1 the sensitivity to sin2 2θ13 at 90% CL is shown
for various experiments. The left edge of the blue (dark
grey) bar is the limit for statistical errors only. The left
edge of the green (medium grey) bar is the limit including
systematics. Once correlations among the oscillation pa-
rameters are taken into account the left edge of the yellow
(light grey) bar gives the limit. And finally the right edge
of the yellow (light grey) bar yields the limit properly in-
cluding degeneracies. Thus the actual limit on sin2 2θ13 is
given by the right edge of the yellow (light grey) bar.
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Fig. 1. Sensitivity to sin2 2θ13 at 90% CL for various ex-
periments as defined in [3,4,5,6]. The blue (dark grey) bar
represents the effects of statistics (left edge) and systematics
(right edge). The right edge of the green (medium grey) bar
shows the effect of including correlations and finally the yellow
(light grey) bar gives the sensitivity limit by also consider-
ing degeneracies. The remaining oscillation parameters are –
∆m2

31 = 3.0 · 10−3 eV2, θ23 = π/4, ∆m2
21 = 7.0 · 10−5 eV2 and

sin2 2θ12 = 0.8

The next generation superbeam and reactor experi-
ments can reach sensitivities down to approximately 10−2

as it is also found in [4,8,9,10,11]. The relative impact
of statistics, systematics, correlations and degeneracies is
however rather different for beam experiments and reactor
experiments, since reactor experiment use electron disap-
pearance.
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Fig. 2. Sensitivity to normal mass hierarchy as function of
the true value of sin2 2θ13 at 90% CL for various experiments
as defined in [3,4,5,6]. The blue (dark grey) bar represents
the effects of statistics (left edge) and systematics (right edge).
The right edge of the green (medium grey) bar shows the effect
of including correlations and finally the yellow (light grey) bar
gives the sensitivity limit by also considering degeneracies. The
remaining oscillation parameters are – ∆m2

31 = 3.0 · 10−3 eV2,
θ23 = π/4, ∆m2

21 = 7.0 · 10−5 eV2 and sin2 2θ12 = 0.8

A further improvement of the sensitivity clearly re-
quires more statistics which is equivalent to having big-
ger detectors and stronger beams. Moreover in order to
reduce the impact of correlations and degeneracies addi-
tional information is necessary which is naturally provided
by running with anti-neutrinos. A conceivable setup which
fulfills these conditions is JHF-HK – a combination of a
4 MW beam and a 1 Mt water Cherenkov detector [8].
This setup can improve the limit by one order of mag-
nitude with respect to initial superbeams or reactors. At
the same time it represents the limit for the superbeam
technology because the systematical uncertainty on the
size of the beam intrinsic background of νe becomes the
limiting factor. Thus a further increase in statistics will
not improve the sensitivity [3].

Finally a neutrino factory will have the best sensitiv-
ity to θ13 due to its extremely high luminosity and its
very clean beam. A neutrino factory using the magic base-
line [5] in combination with an intermediate baseline of
3 000 km may reach sensitivities of the order a few times
10−5 in units of sin2 2θ13.

3 Mass hierarchy

The issue whether the mass eigenstate m3 is the heaviest
(normal hierarchy) or the lightest one (inverted hierarchy)
is still unsolved. Future experiments may be able, by ex-
ploiting the MSW effect [12,13,14], to distinguish the two
mass ordering schemes. The size of matter effects in the
νµ ↔ νe transition depends on θ13, the matter density and
the baseline. The effects are strongest around the MSW
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Fig. 3. Sensitivity to maximal CP violation, i.e. δ = π/2, at
3 σ CL as function of the true values of sin2 2θ13 and ∆m2

21.
Sensitivity is given to the right of each curve. The other oscil-
lations parameters are – ∆m2

31 = 3.0 ·10−3 eV2, θ23 = π/4 and
sin2 2θ12 = 0.8

resonance which occurs in Earth matter and with the cur-
rent value of ∆m2

31 at approximately 10 GeV. An optimal
experiment to determine the mass hierarchy should there-
fore have a very long baseline and a significant number of
events in the resonance region [15,16]. This condition is
only satisfied by a neutrino factory. This can also be seen
in Fig. 2, where the sensitivity to normal mass hierarchy at
90% CL is given for different experiments as a function of
the true value of sin2 2θ13. The color coding of the bars is
the same as in Fig. 1. One observes that the green/yellow
(medium/light grey) region is much larger compared to
the case of θ13 in Fig. 1. The reason for this behavior is
that it is possible to fit the data with the opposite mass
hierarchy by adjusting the value of θ13 and simultaneously
the value of the CP phase. In principle it is however possi-
ble that in case one of the two is determined independently
the sensitivity would strongly improve. For the superbeam
experiments sensitivity is only obtained for very large val-
ues of θ13. Only a neutrino factory can offer a reliable
measurement over a large portion of the parameter space
especially once the magic baseline is used [5].

4 CP violation

The ultimate goal of oscillation physics is to solve the
question whether there is also CP violation in the lep-
tonic sector. Leptonic CP effects1 are suppressed by the
smallness of θ13 and by the mass hierarchy parameter
α = ∆m2

21/∆m2
31. Therefore the size of CP effects and

1 in oscillations
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therewith the sensitivity of a given experiment is deter-
mined by θ13 and ∆m2

21. Furthermore the problem arises
that θ13 and the CP phase δ are strongly correlated [17]
which necessitates to use at least two independent mea-
surements, which also in this case are naturally provided
using neutrino and anti-neutrino data. For large values
of θ13 the information borne by anti-neutrinos can be re-
placed by reactor data which yield an uncorrelated de-
termination of θ13 [6]. The sensitivity to maximal CP vi-
olation, i.e. δ = π/2, at 3 σ CL is shown in Fig. 3 as
function of the true values of sin2 2θ13 and ∆m2

21. Sen-
sitivity is given to the right of each curve. The discov-
ery potential of the first generation experiments JHF-SK,
NuMI and Reactor-II is rather limited which is shown by
the colored area. The issue of leptonic CP violation re-
quires much better statistics and therefore an experiment
of the size of JHF-HK (grey line) is needed in order to
cover the allowed range for ∆m2

21. For a precision mea-
surement a neutrino factory (black line) seems necessary
and its sensitivity is significantly better than of any other
experiment especially for small values of θ13. An impor-
tant role in the precision determination of the CP phase
at a neutrino factory is played by the uncertainty of the
matter density. The MSW effect by itself leads to an ef-
fective CP violation which has to be entangled from the
intrinsic CP violation, therefore a good knowledge on the
matter density is required. A nice and detailed discussion
of those issues is given in [18]. The final accuracy for the
CP phase may reach a level of few degrees.

5 Conclusion

Spurred by the great advance of observational neutrino
physics in the last few years many new ideas have been
brought forth to improve our knowledge on the oscilla-
tion parameters. The focus has been on possibilities to
determine θ13, the mass hierarchy and the CP phase, since
those three parameters are still unknown. The approaches
reach from traditional accelerator-based beams over reac-
tor neutrino experiments to a neutrino factory. The dif-
ferent strategies have a distinct succession of time scales.
A reactor experiment can be operational in less than five
years from now. The beam experiments can be available
in approximately five years in their initial stages and it is

envisaged to extend and upgrade those experiments in the
years to follow until we finally will have a neutrino factory.
Not only the time scales of the different experiments are
varying but also the scales of θ13 at which the physics pro-
gram can be achieved. The reactors and initial beams will
probe new oscillation physics down to sin2 2θ13 � 10−2.
There potential mainly lies in a better determination of
θ13. The second generation beam experiment will improve
their physics reach with respect to sin2 2θ13 by one further
order of magnitude and they will have a good potential to
discover leptonic CP violation. The ultimate tool for neu-
trino precision physics however still is a neutrino factory.
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