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A neutrino factory exploits the so called wrong sign muon signal to look for oscillations of
ν̄e → ν̄µ

1 [1]. This oscillation channel is well know to be sensitive tosin22θ13, CP violation and
the mass hierarchy. The experimental challenge in a neutrino factory experiment, besides from
making the neutrino beam, is to disentangle the rare wrong sign muons from the abundant right
sign muons. Usually, a magnetic field is proposed to charge separate the muon and anti-muon with
very high accuracy; for a review of this option, see [2]. Clearly, magnetic charge separation works
best for muons with a large momentum well exceeding 1GeV. Onereason is, that a high momen-
tum muon has a long, well defined track which provides many measurements along the trajectory,
thus making it easy to determine the curvature. Another reason is, that the likelihood that the
most energetic particle produced in a deep inelastic scattering event is not a muon decreases with
increasing momentum of that most energetic particle. In summary, this has lead to an optimized
neutrino factory setup with a muon energy of 25GeV, which in turn necessitates baselines of sev-
eral thousand kilometers [3]. However, it has been recognized that the performance of a neutrino
factory at large sin22θ13 ≥ 10−2 is not vastly superior in comparison to alternative technologies
like superbeams or beta beams [3, 4]. This fact has stipulated efforts to develop an entry level
neutrino factory with a lower muon energy, the so called low energy neutrino factory [5, 6] with
muon energies around 5GeV. At those energies, charge separation in a magnetic field becomes
very challenging, therefore advanced detector concepts like magnetized fully active scintillating
detector have been proposed. The high channel count and large magnetized volume makes it ap-
pear unlikely that detectors of this type much larger than 10−20kt are feasible. In this note, we
would like to explore an alternative detection scheme at a low energy neutrino factory which does
not involve magnetic fields. The details of these idea can be found in [7]. This technique is based
on two, simple observations: At the first oscillation maximum most of the right sign muons have
oscillated intoντ , while the wrong sign muon signal peaks. Thus oscillation itself provides a siz-
able enhancement of the signal to background ratio. The other observation is, that neutrinos and
anti-neutrinos2 behave differently in charged current interactions with matter and produce different
final states. Thus, there are potentially some detectable differences between right and wrong sign
muon events even in the absence of a magnetic field.

Theνµ survival probabilityPµµ vanishes approximately for∆m2
31L

4E = π/2. At the same energy,
the leading term in the appearance probabilityPeµ will be maximal, hence the ratio of the wrong
sign signal fromPeµ to the right sign background fromPµµ becomes very large. In order to exploit
this effect a very good energy resolution is crucial otherwise it will be washed out by events from
outside the valley inPµµ which migrate into the valley due to the energy resolution. Fortunately, for
neutrino energies as low as a few GeV, there is a sizable contribution of quasi-elastic scattering to
the total charged current cross section. Using these eventsgood energy resolution can be obtained
without accurate hadron calorimetry. In the following, we will only consider quasi-elastic events.
Also, the neutrino energy should be such that the amount ofτ leptons produced fromνµ → ντ

oscillation stays small enough, such that muonicτ decays to do not fill the dip inPµµ . We conclude,
that muon energies in the range 4−5GeV are optimal.

1We only write the result forµ− stored, but imply that there is the CP conjugate process stemming fromµ+ decays.
2more precisely, left and right handed neutrinos
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Quasi-elastic neutrino reactions can schematically described by

νx + N → l−x + p+ N ′ and ν̄x + N → l+x + n+ N ′ , (1)

wherelx denotes a charged lepton withx beingµ or e andN is the nucleus. The are a number of
differences between the reactions of neutrino and anti-neutrinos beyond the charge of the outgoing
lepton. For muon neutrino events, the lifetime of the resulting muon is different forµ+ andµ−.
Theµ+ lifetime corresponds to the one in vacuum, but theµ− can be bound to a nucleus by elec-
tromagnetic interaction and subsequently undergo muon capture onto the nucleus, thus shortening
its lifetime. The capture probability in common detector materials [8] is: 8% for Carbon,i.e. liquid
scintillator3, 18% for Oxygen,i.e. water3 and 76% for Argon. This effect has been used by the
Kamiokande collaboration to determine the charge ratio of cosmic ray muons with an accuracy of
6% [9]. Another difference is, the angular distribution of the outgoing lepton with respect to the
incoming neutrino. For anti-neutrinos this distribution is more forward peaked than for neutrinos.
This angular difference is largest for incoming energies around 1GeV. The most obvious differ-
ence, of course, is the nature of the outgoing nucleon: a proton for neutrino events and a neutron for
anti-neutrino events. Both nucleons can, at least in principle, be tagged and distinguished. Proton
tagging can be quite reliably achieved in liquid Argon [10].Proton tagging in water is difficult,
unless the proton is quite energetic, thus neutron tagging may be more efficient. Neutron tagging
in water can may become possible by adding about 0.2% Gadolinium [11]. The neutron capture
cross section of Gadolinium is so large that almost all neutrons will be captured on Gadolinium. In
this process aγ cascade with about 8MeV is emitted, which can be clearly identified.

These consideration indicate the potential for separationof neutrino and anti-neutrino events
even without the use of a magnetic field. The quantitative question, how pure the resulting event
samples could be, requires careful and detailed study for each of the discussed effects in combina-
tion with a particular type and design of detector. This, however, is beyond the scope of the present
work. Instead, we chose to parametrize the efficiency of theν/ν̄-separation in a simple way, using
one parameterp and show our results as a function of this parameter. We definetwo event samples:
an anti-neutrino-like sampleN1 and a neutrino-like sampleN2

N i
1 =

1− p
2

N i
ν +

1+ p
2

N i
ν̄

N i
2 =

1+ p
2

N i
ν +

1− p
2

N i
ν̄ , (2)

where a value ofp = 0 corresponds to no separation at all, whereasp = 1 corresponds to perfect
separation. Forp = 1, N1 would be a pure anti-neutrino sample andN2 would be a pure neutrino
sample. The chosen parametrization is an over-simplification and considerable deviations from it
are to be expected in a real experiment. However, for the purpose of establishing the approximate
level of requiredν/ν̄ separation, this will suffice.

Table 1 contains a list of detectors and their performance which will be used to compare the
obtainable sensitivities of various possible setups as a function of p and the detector size. The
TASD (totally active scintillator detector) corresponds to the detector initially proposed for a low
energy neutrino factory and is magnetized to about 0.5T [6]. It will serve as our benchmark, only
setups having a similar or better performance can be considered as reasonable alternatives. For the

3The muon capture rate on Hydrogen is negligibly small.

3



P
o
S
(
N
u
f
a
c
t
0
8
)
0
5
5

Neutrino factory without charge ID PATRICK HUBER

TASD [6] WC [12] LAr [13]

fiducial mass [kt] 20 500 100
efficiency 0.73 0.94 0.8
magnetized yes no no
∆E at 2.5GeV [MeV] 165 3005 165
p for muons 0.999 0−0.7 0.7−0.9
p for electrons 0 0 0.7−0.9

Table 1: Summary of relevant detector parameters. Further details of our simulations can be found the
references given in the first line of the table.
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Figure 1: Fraction ofδ as function of the detector mass for which CP violation (lefthand panel) or the
mass hierarchy can be discovered (right hand panel) at 3σ . confidence level for different experiments as
described in table 1 for sin22θ13 = 0.01. The numbers next to the lines correspond to different values of the
ν/ν̄ separation coefficientp as defined in equation 2 Figure taken from [7].

neutrino factory we use a stored muon energyEµ of 5GeV and total of 1022 useful muon decays,
equally divided intoµ− and µ+ running. This luminosity corresponds to 10 years total running
time of the baseline setup of the International Design Studyfor a neutrino factory [14]. We assume
a baseline of 1290km, which corresponds to the distance fromFermilab to the Deep Underground
Science and Engineering Laboratory (DUSEL) at Homestake.

To calculate the sensitivities we will use∆m2
31 = 2.5 ·10−3 eV2, sin2θ23 = 0.5, ∆m2

21 = 7.6 ·
10−5 eV2 and sin2θ12 = 0.3. For θ13 and δ we assume that they have to be determined by the
experimental setups considered. The analysis is performedwith GLoBES [15, 16] using a 4%
error on the solar parameters∆m2

21 and sin2 θ12 and a 5% error on the matter density. We assume a
2.5% systematic error on each signal. All sensitivities areevaluated at the 3σ confidence level for
1 degree of freedom,i.e. ∆χ2

= 9.

The left hand panel of figure 1 shows that, depending on the detector type and level ofν/ν̄-
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separation, a larger detector mass is needed to achieve the same sensitivity as the usual magnetized
TASD with a fiducial mass of 20kt. For the WC, we find equivalentmasses in the range from
200−500kt for p = 0.7−0.5 and for the LAr the mass range is from 50−110kt for p = 0.9−0.7.
The equivalent masses increase for smaller values ofθ13 and for sin2 2θ13 = 0.003, the equivalent
mass ranges becomem = 500−900kt for WC andm = 110−300kt for LAr.

In conclusion, we have shown that non-magnetized detectorscan compensate their lack of
high precisionν/ν̄-separation by their larger mass for not too small values of sin22θ13 ≥ 0.003.
Non-magnetized, large detectors have a rich physics program on their own and thus may already
be existing when a neutrino factory is considered. Thus, thehere proposed scheme of a low energy
neutrino factory with a non-magnetized detector may serve as the inital step towards a high-energy
neutrino factory.
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