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Neutrino factories allow precise measurements of neutrino masses, leptonic mixing angles, leptonic CP-violation
and matter effects. Some aspects of matter effects and their role in the disentanglement of parameters in very
long baseline neutrino oscillation experiments are discussed.

Neutrino oscillation experiments are so far essen-
tially described by vacuum oscillations in a two
flavour picture. Increased precision in the future
will however require oscillation formulae with all
flavours and the mixing matrix U:
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with Am?; = mZ —m3. It can be easily seen

[1] that the oscillation probabilities in eq. (1) de-
pend for three or more non-degenerate neutrinos
on CP-violating phases in the mixing matrix U.
Additionally matter effects [2,3] (i.e. the mat-
ter potential V') must be taken into account in
eq. (1) where appropriate, e.g. for beams cross-
ing the earth, where the presence of matter im-
plies to a good approximation a mapping of the
vacuum masses and mixings to effective param-
eters in matter. This leads in the limit where
the small solar mass splitting Am3, can be ig-
nored in vacuum to the mappings 613 — 613 m,
mi — mi,,, m3 — m3,, such that all Amj
are affected in matter, while 6,5, >3 and the CP-
phase ¢ are unchanged [4]. Note that there are
different mappings for neutrinos and antineutri-
nos due to the opposite sign of the interaction.
Matter effects make the general expressions for
the oscillation of three or more neutrinos rather
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lengthy, but it is important to note that this al-
lows tests of matter effects, which are so far ex-
perimentally unprobed. Optimal sensitivity is ob-
tained [2] when the resonance condition is ful-
filled, i.e. for 2EV ~ Am3, cos26;3. For small
613, Am3; = 3.5 x 1073 eV? and typical matter
densities in the earth crust one finds the neutrino
energies F,,; ~ 15 GeV and E,,: ~ 8 GeV in
the core. Another important point of matter ef-
fects is the extraction of the sign of Am3,, which
is impossible in vacuum oscillations resulting in
mass ordering ambiguities [5,2] shown in Fig. 1.
Optimal extraction of the sign of Am? via matter
effects is again governed by the resonance condi-
tion.
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Figure 1. Vacuum oscillation order ambiguities.

Neutrino factories [6] would be ideal to extract
neutrino mixings, masses, and via matter effects
the sign of AmZ,, and they would also allow
precise tests of matter effects [2,4]. In vacuum
the v, — v, and ¥, — D, oscillation probabilities
simplify for Am3; = 0 a lot and are given by

Pv. < vy,) = sin? fy5 sin? 26, 5 sinQ(Agl) . (2)



The relevant matter parameter mappings are
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The resulting the total appearance rates in the
ve =+ v, and v, — v, appearance channels are
shown in fig. 2 for typical neutrino factory pa-
rameters as a function of baseline. There are siz-
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Figure 2. Matter effects in the v. — v, and
7, — 7, channels for for E, = 20 GeV (left plot)
and E, = 50 GeV (right plot) at a neutrino fac-
tory. Dashed lines correspond to vacuum oscil-
lation, solid lines include matter effects (see [2]).

able matter effects for sufficiently large baseline.
This can be easily understood when the oscilla-
tory term in eq. (2) is expanded in a power series
in L and when the matter mappings eq. (4) and
eq. (3) are inserted. The matter corrections in
the 6,3 mixing angle compensate in the leading
linear term the corrections in Am32,. This term
scales like L? which becomes compensated in the
rates by the geometric 1/L? factor of the beam
leading to a constant rate at small L. This can-
cellation works however only for the first term of
the expansion and an extra C3 factor survives
already in the next term proportional to L*. To-
gether with the 1/L? flux factor the rates are thus
for small L described by an inverted parabola
o 1 —Am3, ,,L?/12E. The changes due to the
presence of matter are thus for moderate L simply

a consequence of the effective Am3, ,, in matter,
which can be clearly seen in figure 2. For reso-
nant channels the effective Am3, ,, is decreased,
reducing thus the curvature of the parabola which
makes the rates for larger L bigger. The opposite
is true for anti-resonant channels. The discussion
becomes more complicated for larger L when the
power law expansion breaks down.

The presence of matter leads also to interest-
ing effects in the v, - v, and 7, — 7, disap-
pearance channels. The disappearance probabil-
ity starts however with one and all matter effects
are obviously negligible until the oscillatory terms
become in the resonance regime comparable to
one for large enough baseline. Interestingly mat-
ter effects in the appearance channel (resulting
in “wrong sign muon events”) go in the same
direction as matter effects in the disappearance
channel (“same sign muon events”). It is thus
possible to combine all muon events and get an
even bigger matter signal [2]. This can be seen
in figure 3, where the combined differential event
rate spectrum is shown for a baseline of 7332 km,
and where both channels contribute for this large
baseline approximately half of the matter effects.
This may become important if the challenging
charge identification (CID) requirements in the
wrong sign muon channel can not be achieved,
since it allows an analysis even without CID. The
information in the disappearance channel is how-
ever also important with CID, since this allows a
global analysis in combination with the appear-
ance channels [2].

Long baseline oscillation experiments at neu-
trino factories allow in given approximation al-
together a remarkable precision for the leading
oscillation parameters |[Am3, |, f23 and very good
limits or measurements for ;3 and the sign of
Am?,. This could be done to a very good approx-
imation in two steps by combining the two chan-
nels shown in figure 3 (with appropriate weights).
Matter effects cancel and a precise determination
of |[Am2,|, 623 is possible. With the leading pa-
rameters known it becomes possible to extract via
matter effects the sign of Am3, and 6,3 by fitting
the individual channels in figure 3.

This is unfortunately not the full story, since
CP-violating effects become relevant when the
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Figure 3. Spectral matter effects at a neutrino
factory for E, = 20 GeV, L = 7332 km and
sin? 2013 = 0.1 (see [4]).

small, but non vanishing Am32, is turned on.
CP-violating effects exist only in the appearance
channels and figure 4 shows how the total rates
are modified for different CP-phases for Am3, =
10~* eV2, sin®26;3 = 0.01 and E, = 20 GeV.
Note for comparison that the solid line in the left
(right) plot of figure 4 is identical to the upper
(lower) solid line in the left plot of figure 2. Since
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Figure 4. Example of CP violating effects at a
neutrino factory. For details see text and [2].

the event rates depend for a given baseline L now
on the CP-phase § and on #,3 it becomes imme-
diately clear that more information is required
to separate these parameters. There is in princi-
ple more information in the differential event rate
spectrum and studies have been performed where
the separation with the help of the spectrum is
demonstrated [8]. It is however important to keep
in mind that these studies assume that Am3; is

known without any error, which will probably not
be true. There are also further systematic effects
(e.g. deviation of #;» from maximal mixing, mat-
ter density uncertainties, CID limitations) which
make the parameter disentanglement at one base-
line much more complicated. The situation is
considerably improved by combining suitably in-
formation from different baselines [9].

Neutrino factories are in summary very promis-
ing tools for “precision neutrino oscillation
physics”, resulting in very precise determinations
of |Am2,|, 63, matter effects, 03, the sign of
Am3, and the leptonic CP-violation phase. The
disentanglement of the small mixing angle 63,
the CP-phase § and matter effects is definitively
possible, but further studies are required to clar-
ify some open details.
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