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A neutrino factory exploits the so called wrong sign muomalgo look for oscillations of
Ve — \7“1 [1]. This oscillation channel is well know to be sensitivesto® 26,3, CP violation and
the mass hierarchy. The experimental challenge in a neutaictory experiment, besides from
making the neutrino beam, is to disentangle the rare wromg siuons from the abundant right
sign muons. Usually, a magnetic field is proposed to changarate the muon and anti-muon with
very high accuracy; for a review of this option, see [2]. Glganagnetic charge separation works
best for muons with a large momentum well exceeding 1 GeV. i@ason is, that a high momen-
tum muon has a long, well defined track which provides manysoregnents along the trajectory,
thus making it easy to determine the curvature. Anotheroreas, that the likelihood that the
most energetic particle produced in a deep inelastic staitevent is not a muon decreases with
increasing momentum of that most energetic particle. Inmsamy, this has lead to an optimized
neutrino factory setup with a muon energy of 25GeV, whictuim thecessitates baselines of sev-
eral thousand kilometers [3]. However, it has been recaghthat the performance of a neutrino
factory at large sifi26;3 > 1072 is not vastly superior in comparison to alternative techgigs
like superbeams or beta beams [3, 4]. This fact has stigliefferts to develop an entry level
neutrino factory with a lower muon energy, the so called lmergy neutrino factory [5, 6] with
muon energies around 5GeV. At those energies, charge fiepairaa magnetic field becomes
very challenging, therefore advanced detector conceptsntiagnetized fully active scintillating
detector have been proposed. The high channel count arelrtzaignetized volume makes it ap-
pear unlikely that detectors of this type much larger than- POkt are feasible. In this note, we
would like to explore an alternative detection scheme atwedpergy neutrino factory which does
not involve magnetic fields. The details of these idea can bedanifi7]. This technique is based
on two, simple observations: At the first oscillation maxmmost of the right sign muons have
oscillated intov;, while the wrong sign muon signal peaks. Thus oscillatiselitprovides a siz-
able enhancement of the signal to background ratio. The ottgervation is, that neutrinos and
anti-neutrino$ behave differently in charged current interactions withtaraand produce different
final states. Thus, there are potentially some detectafilratices between right and wrong sign
muon events even in the absence of a magnetic field.

Thevy, survival probabilityP,,, vanishes approximately f(ﬁﬂ% = 11/2. At the same energy,
the leading term in the appearance probabifity will be maximal, hence the ratio of the wrong
sign signal fromPy, to the right sign background frof,, becomes very large. In order to exploit
this effect a very good energy resolution is crucial otheenit will be washed out by events from
outside the valley if?,,, which migrate into the valley due to the energy resolutioortiately, for
neutrino energies as low as a few GeV, there is a sizableilbotitm of quasi-elastic scattering to
the total charged current cross section. Using these egents energy resolution can be obtained
without accurate hadron calorimetry. In the following, walwnly consider quasi-elastic events.
Also, the neutrino energy should be such that the amountleptons produced fromy, — v;
oscillation stays small enough, such that muaniecays to do not fill the dip iR,;,. We conclude,
that muon energies in the range-% GeV are optimal.

1\We only write the result fop~ stored, but imply that there is the CP conjugate processmsiegfrom ™ decays.
2more precisely, left and right handed neutrinos
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Quasi-elastic neutrino reactions can schematically dusatiby
WH+N—=I +p+N and w+N-—=Li+n+N, (1)

wherely denotes a charged lepton wittbeing u or e andN is the nucleus. The are a number of
differences between the reactions of neutrino and antirines beyond the charge of the outgoing
lepton. For muon neutrino events, the lifetime of the résglmuon is different fou™ and .
The u™ lifetime corresponds to the one in vacuum, but thecan be bound to a nucleus by elec-
tromagnetic interaction and subsequently undergo muotu@pnto the nucleus, thus shortening
its lifetime. The capture probability in common detectortenals [8] is: 8% for Carboni.e. liquid
scintillator?, 18% for Oxygenj.e. watef and 76% for Argon. This effect has been used by the
Kamiokande collaboration to determine the charge raticoshtc ray muons with an accuracy of
6% [9]. Another difference is, the angular distribution bétoutgoing lepton with respect to the
incoming neutrino. For anti-neutrinos this distributi@more forward peaked than for neutrinos.
This angular difference is largest for incoming energiesiad 1 GeV. The most obvious differ-
ence, of course, is the nature of the outgoing nucleon: apfor neutrino events and a neutron for
anti-neutrino events. Both nucleons can, at least in grlacbe tagged and distinguished. Proton
tagging can be quite reliably achieved in liquid Argon [1®}toton tagging in water is difficult,
unless the proton is quite energetic, thus neutron taggiag lme more efficient. Neutron tagging
in water can may become possible by adding about 0.2% GadulifL1]. The neutron capture
cross section of Gadolinium is so large that almost all magwill be captured on Gadolinium. In
this process g cascade with about 8 MeV is emitted, which can be clearlytified.

These consideration indicate the potential for separatfareutrino and anti-neutrino events
even without the use of a magnetic field. The quantitativestioie, how pure the resulting event
samples could be, requires careful and detailed study fir ebthe discussed effects in combina-
tion with a particular type and design of detector. This, beev, is beyond the scope of the present
work. Instead, we chose to parametrize the efficiency obtheseparation in a simple way, using
one parametep and show our results as a function of this parameter. We defimevent samples:
an anti-neutrino-like sampM; and a neutrino-like sampld,

Ny = > Ny, + 5 Ny
N = PN+ =P, @

where a value op = 0 corresponds to no separation at all, wheneas1 corresponds to perfect
separation. Fop = 1, N; would be a pure anti-neutrino sample axgwould be a pure neutrino

sample. The chosen parametrization is an over-simplificaind considerable deviations from it
are to be expected in a real experiment. However, for thegsarpf establishing the approximate
level of requiredv /v separation, this will suffice.

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

3The muon capture rate on Hydrogen is negligibly small.
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TASD [6] WC[12] LAr[13]
fiducial mass [kt] 20 500 100
efficiency 0.73 0.9 0.8
magnetized yes no no
AE at 25GeV [MeV] 165 300 165
p for muons 0.999 0-07 07-09
p for electrons 0 0 07-0.9

Table 1: Summary of relevant detector parameters. Further detasiiosimulations can be found the
references given in the first line of the table.
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Figure 1: Fraction ofd as function of the detector mass for which CP violation (fefhd panel) or the
mass hierarchy can be discovered (right hand panelpat @nfidence level for different experiments as
described in table 1 for sf2613 = 0.01. The numbers next to the lines correspond to differentasbf the
v/v separation coefficiert as defined in equation 2 Figure taken from [7].

neutrino factory we use a stored muon enefgyof 5GeV and total of 1% useful muon decays,

equally divided intoy~ and u™* running. This luminosity corresponds to 10 years total nign

time of the baseline setup of the International Design Stadg neutrino factory [14]. We assume
a baseline of 1290km, which corresponds to the distance Fremmilab to the Deep Underground
Science and Engineering Laboratory (DUSEL) at Homestake.

To calculate the sensitivities we will ugerng, = 2.5- 10 3eV?, sir? 6,3 = 0.5, Amg, = 7.6-
10-°eV? and sirf 61, = 0.3. For 613 and § we assume that they have to be determined by the
experimental setups considered. The analysis is perfomitdGLOBES [15, 16] using a 4%
error on the solar parameteks; and sirf 61, and a 5% error on the matter density. We assume a
2.5% systematic error on each signal. All sensitivitiesemauated at the & confidence level for
1 degree of freedom,e. Ax? = 9.

The left hand panel of figure 1 shows that, depending on thecttettype and level of /v-
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separation, a larger detector mass is needed to achievartteesensitivity as the usual magnetized
TASD with a fiducial mass of 20kt. For the WC, we find equivalerdsses in the range from
200— 500kt forp=0.7— 0.5 and for the LAr the mass range is from-5Q10kt forp=0.9—0.7.
The equivalent masses increase for smaller valuésaadind for sirf 26,3 = 0.003, the equivalent
mass ranges become= 500— 900kt for WC andn= 110— 300kt for LAr.

In conclusion, we have shown that non-magnetized detectmscompensate their lack of
high precisionv /v-separation by their larger mass for not too small valuesrsf29,; > 0.003.
Non-magnetized, large detectors have a rich physics progratheir own and thus may already
be existing when a neutrino factory is considered. Thushére proposed scheme of a low energy
neutrino factory with a non-magnetized detector may sesw@ainital step towards a high-energy
neutrino factory.
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