Neutrino Physics

Neutrinos physics has been in the limelight since neutrino oscillations were finally established in 1998, and with them the fact that neutrinos have mass. These facts constitute strong evidence of physics beyond the Standard Model; they open a large number of questions pertinent to the origin of fermion’s masses, while three-family neutrino mixing naturally leads to leptonic CP violation, a key ingredient to explain the baryon-antibaryon asymmetry of the universe. This justifies an important investment in accelerator-based beams and experiments. 

The longer-term goal for accelerator-based neutrino activities is determined by the possibility to measure accurately the neutrino mixing parameters (value and sign of the neutrino mass differences, and values of the mixing angles) and would culminate with the discovery of leptonic CP violation. The observation of CP (or T) violation absolutely requires appearance experiments, which rules out experiments with neutrinos from the sun or from nuclear reactors. The most promising tool for its observation is the 
[image: image1.wmf]m

n

«

n

e

 oscillation at small wavelength. This transition has not been observed yet, being driven by the small angle 
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, but, for the very reason of its smallness, should exhibit observable asymmetry with the corresponding antiparticle oscillation 
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. This explains the emphasis to be given to experiments sensitive to this process at baselines of typically L/E = 500 km/GeV.

B.1 Current Activities

DPNC has been active in this field since the nomination of Pr. Alain Blondel in 2000. The group, constituted of 1 PO, 2 MA, 4 Can-docs (of which 2 are CERN doctoral students), and several invited members, has been active in the definition of a future neutrino physics program for Europe, while taking part in the HARP experiment at CERN, the K2K experiment in Japan and promoting R&D for neutrino factories, with the International Muon Ionization Cooling Experiment (MICE) at RAL.

B.1.1 The HARP experiment

The HARP experiment is a service experiment whose main goal is to measure the relatively poorly known production of pions and kaons by protons of 2 to 15 GeV/c incident on various targets (from hydrogen to lead). The experiment was proposed in early 2000, and ran in 2001 and 2002. Data taking is now completed and analysis is underway, with more than one million interactions recorded for each of over 200 settings. The main contributions of DPNC were in the beam detectors and in the inner detector, the TPC, and in particular the TPC reconstruction program and analysis. 

These data will be precious as input for the calculation of performance of future facilities (neutrino factory or low energy neutrino beam), for the calculation of the flux of atmospheric neutrinos, and for the evaluation of the neutrino flux for the ongoing experiments Mini-boone and especially the K2K experiment (see below). The data are also interesting as input for the simulation codes of strong interactions and we are collaborating with GEANT4.  It is expected that the data analysis will be finished by end 2004 – early 2005.  

B.1.2 The K2K experiment 

In the K2K experiment, a neutrino beam created by incident protons of 12.9 GeV/c on an aluminum target, is shot over a baseline of 250 km to the well known Super-Kamiokande detector. The typical wide-band beam  spectrum is peaked around 1 GeV. First observation of neutrino disappearance has been reported, and the experiment is now taking data. The involvement of the DPNC is in the use of the HARP data to improve the knowledge of the low energy part of the neutrino spectrum (below the oscillation maximum at 500 MeV neutrino energy); this is crucial for the observation of  reappearance, a definite proof of oscillations. The experiment should also provide a substantial improvement in the measurement of the ‘atmospheric’ mass difference term m213Data taking will last until 2005, with analysis expected until 2007. 

B.1.3 J-PARC to Super-K

A natural channel to observe 
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 transitions is to search for electron neutrinos in a muon neutrino beam. The water Cherenkov Super-Kamiokande detector is efficient for electrons and is certainly the largest neutrino detector in use. The sensitivity is normally limited by i) the limited intensity of neutrino beams at long distance ii) the ability to observe 
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in presence of backgrounds from 
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’s, iii) the intrinsic background due to electron neutrinos in the beam. 

The newly approved high-intensity Japan Proton Accelerator Research Center J-PARC can offer 50 GeV protons with beam power of up to 0.75 MW with upgrade possibilities of up to 4 MW. The conventional neutrino beam design foresees to use the beam at an angle of about two degrees, which offers the advantage of creating a kinematical peak of neutrino energies at about 600 MeV (a good match to the distance of 300 km to Super-K); furthermore 
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production at this energy is small, and the beam electron-neutrino background which comes from three body decays, does not peak at the same energy. 

The sensitivity of this experiment to the observation of the 
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 transition should allow a measurement of the neutrino mixing-angle 
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 if its value is in excess of 2.5º (the present limit is around 13°). DPNC has signed the letter of intent and foresees to participate in the design of the beam. The J-PARC international scientific committee has recommended the neutrino program as highest priority, and decision on approval is expected early 2004. The data taking under these conditions would start in 2008 and last 5 years. 

The future development for this program is the increase in intensity for the proton source, and possibly the construction of a very large Water Cherenkov detector (‘Hyper-Kamiokande’) with a fiducial mass in the order of 500 to 1000 ktons. This could be considered around 2012. At this level of proton intensity and detector mass, sensitivity to the neutrino mixing-angle 
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 down to about 1 degree is achieved and some sensitivity to CP violation can be envisaged. 

B.2 Towards a neutrino factory

The major limitations of conventional neutrino beams from pion decay come from the limited knowledge of the neutrino flux, and the intrinsic contamination in the wrong type of neutrinos. To this effect, the standard approach is replaced by one where the decaying particles are accelerated and stored. This can be done with muons (Neutrino Factory) with a lifetime of 2.2 sor, somewhat more easily, with radioactive ions like 6He or 18Ne. 

In both cases a well-known beam of electron neutrinos is produced. These three possibilities shown in figure B.2.1  are somewhat different in scope, but as is evident from the picture they comport a certain number of common features, in particular the common use of a high intensity proton linac, the SPL, presently under R&D at CERN. 

[image: image11.png]Hlinac2 GeV, 4 MW Accumulator
Fing

Magnetic
horn cipture

Turget

Decay tunnel

Near

A possible layout of a Low Energy Neutrino Super Beam




[image: image12.png]Hlinac2 GeV, 4 MW Accumulator

facx’ A possible

Fing + bunch
layout of a eompressar
neutrino factory Magnetic

horn cdpture

Target

Tonization
Recirculating cooling

Linacs 2 > 50 GeV
Phase rotation

Decay ring - 50 GeV.
=000 m circumforence

Peter Gruber, CERN-PS.

v boam to near detector

H
H

o

v






[image: image13.wmf]PS

SPS

Decay

Ring

ISOL

target

SPL

ACCUMULATOR

PS

PS

SPS

Decay

Ring

ISOL

target

SPL

ACCUMULATOR

 


Figure : three future possibilities for CERN-based neutrino facilities ; i) CERN-based superbeam with a large Water Cherenkov in the Fréjus underground laboratory; ii) a neutrino factory ; iii) a radioactive ion storage ring on the CERN site. The three possibilities are based on the superconducting proton linac (SPL) 

The first step could be a super beam. This step requires the proton driver, proton accumulators to reduce the duty cycle, and a very large water Cherenkov at a distance, which is nearly optimum at 130 km for the conventional neutrino beam generated by the SPL. A possible location for a long distance detector is thus the underground Fréjus Laboratory, where a very large excavation could begin in 2008 at the occasion of safety works mandatory for the nearby road tunnel. The possible detectors are a 500kton Water Cherenkov detector or a very large Liquid argon detector. University of Geneva has been involved in the calculation of the flux from this super beam and in the understanding of the event reconstruction of inelastic events in a Water Cherenkov detector. 

The following steps is further down the road and requires better studies before decisions can be made. Two options are open with different conceptual advantages. 

One possibility is the beta-beam. In this option, radioactive ions are produced according to the ISOLDE technique, stacked and accelerated (in e.g. the CERN PS and SPS) to about 100 GeV/nucleon and stacked again in a high energy storage ring. The main difficulties in this option are the possible activation of the CERN accelerators, and the difficulties in obtaining a sufficient flux of ions and stacking them in the storage ring. The lack of resources for accelerator R&D at CERN is also a major difficulty. The main advantages are the possibility to use a great part of the CERN complex, the synergy with the EURISOL project, and the fact that, due to the similarity in the energy spectrum of the neutrinos, (energies around 200-500 MeV) the large detector is the same for the beta-beam and the super beam. The oscillation reach is down to one degree for neutrino mixing-angle 
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, and the possibility to compare oscillations from 
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 sources offers sensitivity to T violation, a remarkable feature. 

The other possibility is the muon storage ring. In this option the muons from pion decays are first cooled to obtain a beam of reasonable size, then accelerated to energies up to 50 GeV. The muon decay 
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 produces high-energy electron neutrinos, which can oscillate into 
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 which in turn interact producing a 
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. The presence of high energy muon of the wrong sign is the signal for the oscillation process of interest.  This is a very clean signal with a reach in 
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which goes down to 0.2 degree, for which CP violation sensitivity remains high. The high energy a provides sensitivity to matter effects in the oscillations (the resonance is around 10 GeV) thus allowing determination of the hierarchy of neutrino masses, while the possibility to observe 
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 oscillations is unique. The muon based neutrino factory is also the first step towards muon colliders. 

University of Geneva is deeply involved in the definition of this future program and in the associated accelerator R&D. The HARP experiment has for aim to measure particle production by low energy protons to optimize the accelerator design.  The study of Horns for neutrino factory and super beam has been made in collaboration with CERN. 

A key ingredient in the neutrino factory and in the muon collider is the possibility to reduce the beam size by ionization cooling. This novel technique requires a demonstration of feasibility and we are leading the effort to carry out a Muon Ionization Cooling Experiment (MICE). The experiment has been proposed at Rutherford Appleton Laboratory (RAL) with some help for the beam line from PSI. The proposed contribution concerns the spectrometers, in which a high precision tracker imbedded in a 4T magnetic field should provide precision determination of the input and output emittance of a 200 MEV/c muon beam. [The tracker under development (a TPC with GEM readout) is also an interesting possibility for linear collider tracking detectors]. The experiment is in the approval process with strong recommendations from the relevant committees. The proposed schedule involves a gradual installation with engineering runs in 2006 and 2007, and the demonstration of cooling in 2008. 

Meanwhile the accelerator options will be studied by Design Studies, for which funding by the European Union under FP6 will be proposed. (Some funding has already been granted for networking activities). 

Physics at a Neutrino Factory

Neutrino oscillations

It is now well established, from the observation of neutrino oscillations, that neutrinos have mass and mix. Taken together with the present limits on the absolute neutrino mass scale the results indicate that neutrinos are much lighter than all the other fundamental fermions [PDG02], while the values of the mixing angles are also very different from those of the quarks. These facts are difficult to understand in the context of the Standard Model, and it is quite possible that the mechanism that generates neutrino masses and mixing angles may be different to that which generates those of the other fermions [Murayama02]. The answer to this puzzle could possibly be found in grand unified theories, which provide a unified description of quarks and leptons at a very high energy scale and could make predictions for the parameters that describe neutrino oscillations. Precise measurements of the oscillation parameters can be used, therefore, to test the ideas of unification, and will perhaps lead to a deeper understanding of the nature of quark and lepton flavour. 

The observation of neutrino oscillations also has far-reaching implications in astrophysics and cosmology. The small, but non-zero, neutrino mass may mean that neutrinos contribute as much mass to the universe as all the visible stars [Turner99]. Moreover, the recent KamLAND result strongly indicates that leptonic CP violation will be observable in neutrino oscillations, possibly leading to an understanding of the observed matter–antimatter asymmetry in the universe. The best, and possibly the only, machine that will allow this discovery is a Neutrino Factory. 

None of these fundamental questions can find answers in the physics programme of either LHC or an e+e– collider, to which a Neutrino Factory would therefore be completely complementary. 

Present results on neutrino oscillations can be readily understood if neutrinos have mass and there is mixing among the three known neutrino flavours; the three neutrino mass-eigenstates (
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) [Murayama02], and related to them by the neutrino mixing matrix: 
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(1.2.1)
The correspondence between the mass eigenstates and the weak eigenstates and the mixing angles that arise in equation 1.2.1 are depicted in Figure 1.1a. For three-neutrino flavour oscillations, there are six parameters: the three mixing angles shown in Figure 1.1a, a CP-violating phase parameter, (, and two mass-squared differences, (m212 and (m223, where
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. Figure 1.1b shows schematically the two alternatives for the neutrino mass spectrum that are allowed by the present data. Atmospheric neutrino measurements indicate that 
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 while solar and reactor neutrino measurements indicate that 
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. The atmospheric neutrino experiments indicate that 23 is nearly 45° (maximal mixing), while solar neutrino experiments require 12 in the range of 25–40°. Reactor experiments indicate that 13 is smaller than about 10°. 
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Figure 1.1: a) Rotation of the neutrino mass-eigenstates (1, (2 and (3 into the flavour eigenstates (e, (( and (( implied by equation 1.2.1. The definitions of the Euler angles 12, 12, and 23 are indicated. b) Neutrino mass spectra allowed by the present data. 
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 is the mass-squared difference that relates to the solar neutrino data, 
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 the one that relates to the atmospheric neutrino data.

Forthcoming measurements of the oscillation parameters

The next few years should produce major improvements in the knowledge of the neutrino oscillation parameters. Further results from SNO and KamLAND are expected soon. The combination of these measurements should, in particular, refine the knowledge of the small mass difference 
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. In addition, several new experiments, SIREN, LENS and HELLAZ, have been proposed to measure the pp solar neutrino spectrum [SIREN, Lasserre02, Gorodetzky02]. These experiments should further improve the accuracy with which the solar parameters can be determined.

Over the next ten years, long baseline experiments such as K2K (which has already reported results from its first two years of running), MINOS and the CERN to Gran Sasso (CNGS) experiments will report results [Lang01, Aprili02, Guler01]. These experiments are expected to confirm the neutrino oscillation interpretation of the Super-Kamiokande atmospheric neutrino results and determine the parameters 
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 with an accuracy of about 10%. MINOS and ICARUS will also be sensitive to 
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 values as low as 0.04. In addition to these long baseline experiments there is a proposal to build an off-axis neutrino beam line at the recently approved Japanese Proton Accelerator Research Complex (J-PARC, formerly known as JHF [JPARC]) to illuminate the Super-Kamiokande detector. Discussions have also begun on building such a high-flux beam line using the NuMI beam line at Fermilab [NuMIOffAxis]. In addition, it is proposed to use the proton driver for an eventual CERN Neutrino Factory, the superconducting proton linac (SPL), initially to provide a low energy super neutrino beam, pointing at the International Frejus Laboratory in the Alps [Blondel01]. This would form the first stage of a CERN-based Neutrino Factory complex. These super neutrino beam experiments are likely to bring an improvement of about a factor of 5–20 on the 
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 sensitivity that will be achieved by the MINOS experiment. Such superbeam projects are natural stepping-stones to a Neutrino Factory.
Despite all the improvements in the knowledge of the neutrino parameters that these future experiments will bring, much will remain unresolved. In particular:

i.
It will be necessary to determine whether three-flavour mixing is the correct framework or whether sterile neutrinos, neutrino decay or CPT violation also contribute;

ii.
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 will still be poorly determined (or perhaps unmeasured);

ii.
the CP violating phase 
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 will be unmeasured;

iii.
the sign of the 23 mass splitting
 –
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 – is unlikely to be known.

Neutrino oscillation measurements at a Neutrino Factory

Physics with the Neutrino Factory has been discussed in several articles [NuFactPhys] and at the Neutrino Factory (NuFact) workshops that have taken place annually since 1999. It is the subject of active investigations by study groups in Europe, Japan and the US, and during the forthcoming workshops of the NuFact series.

The primary objective of physics at the Neutrino Factory will be the precise measurement of the elements of the neutrino mixing matrix. A neutrino beam derived from the decay of an intense stored-muon beam is the optimum tool for this purpose because it offers substantial advantages over conventional neutrino beams:

i.
The energy spectrum of the neutrino beam may be calculated precisely given the muon-beam energy, divergence and polarization. 

ii.
The flavour composition of the neutrino beam is precisely known. Furthermore, the lepton numbers of the neutrino flavours that make up the beam are opposite, so that there is no ‘pollution’ of the oscillation signals.

iii.
The neutrino beam is unique in that it contains high-energy electron neutrinos. Not only will this allow the 
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 oscillations to be tagged using an experimentally clean ‘wrong-sign’ muon tag, but, since the beam energy will be above the (-production threshold, the important oscillation channel 
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 can be studied. The ability to study 
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 oscillation is unique to the Neutrino Factory.

iv.
Changing the polarity of the stored muon beam yields a charge-conjugate neutrino beam.

v.
In the immediate vicinity of the muon storage ring, the neutrino beams are very small and extremely intense.

The Neutrino Factory data set will be diverse, yielding six distinct sub-samples containing events tagged by the appearance of: (i) a right-sign muon; (ii) a wrong-sign muon; (iii) an 
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 or an 
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; (iv) a 
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; (v) a 
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; or (vi) the absence of a lepton. Measurements can be made with 
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 stored in the ring. The most important event samples are those tagged by wrong-sign muons, which provide evidence for oscillations between electron neutrinos and muon neutrinos. For this signal the background rates at a Neutrino Factory are very low, about two orders of magnitude lower than the corresponding rates using conventional neutrino beams. This results in an improvement in experimental sensitivity of about two orders of magnitude. In addition, since the Neutrino Factory will provide intense high-energy beams, oscillation baselines can be very long (thousands of km). The muon storage ring can serve two experiments located at significantly different long baselines.

The major physics measurements that will be made with this wealth of data are:

i.
Precise determination of 
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 and of the mixing angle 
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;

ii.
Measurement of the small mixing angle 
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 with a precision of better than half a degree;

iii.
Observation of the matter effects incurred by electron neutrinos in their passage through the earth. The resulting asymmetry between the rates for 
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 will allow a decisive determination of the sign of 
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iv.
The search for leptonic CP violation through the precise measurement of the 
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 rate asymmetry as a function of energy and baseline.

The superiority of the Neutrino Factory compared with conventional sources of neutrino beams will be demonstrated by considering the determination of 
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 and the CP violating phase, (.

The calculated 
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 sensitivities (90% CL) of various long baseline neutrino facilities have been estimated in e.g. [Lindner02] and are shown in Figure 1.2. The sensitivity of a Neutrino Factory is compared with that of the J-PARC–SuperKamiokande project, a higher-energy off-axis project (NUMI off axis), a future high-intensity J-PARC neutrino beam illuminating a megaton water Cherenkov detector (HyperKamiokande) and an ‘entry level’ Neutrino Factory (one without cooling) of modest intensity. The leftmost ends of the bars indicate the purely statistical sensitivity and demonstrate the analysis power of a Neutrino Factory. Note that the sizes of the systematic errors (indicated by the dark-shaded regions) are well matched to the statistical sensitivities. The Neutrino Factory performance is about two orders of magnitude better than that of either the J-PARC–Super-Kamiokande or the NuMi project and about one order of magnitude better than the sensitivity expected if the J-PARC neutrino beam is used to illuminate Hyper-Kamiokande. The range of values of 
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 allowed by the data increases when correlations with other oscillation parameters are taken into account or the analysis is performed allowing multiple solutions to remain [Lindner02]. This limits the Neutrino Factory 
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. However, the effect of correlations and degeneracies can be addressed by combining the results of different, complementary, experiments [Burget02], or by using the complementary 
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 transitions [Donini02]. The full sensitivity of a few times 
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 can be recovered in such analyses. Hence, Neutrino Factories can achieve sensitivities that are about two orders of magnitude better than can be achieved with conventional high-intensity neutrino beams (‘superbeams’).
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Figure 1.2: Sensitivity of ‘entry-level’ and high-performance Neutrino Factory (NuFact I and II respectively) 
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 compared with that of other proposed facilities. For the Neutrino Factory scenarios a single baseline of 3000 km, 
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 (NuFact II) muon decays per year at a muon beam energy of 50 GeV are assumed. The correlations and multiple solutions can be addressed at a Neutrino Factory by combining data with those from previous results or by combining complementary measurements.

If present, CP violation (CPV) and matter effects will modify the measured 
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 oscillation probabilities. These modifications are different for neutrinos and antineutrinos. The predicted ratio of event rates 
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 at a Neutrino Factory experiment with equal 
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 running is shown as a function of baseline in Figure 1.3. With no CPV and no matter effects (L = 0) the ratio is 0.5, reflecting the different neutrino and antineutrino cross sections. As L increases the ratio is enhanced (suppressed) by matter effects if the sign of 
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 is negative (positive). At sufficiently long baselines the matter effects are much larger than effects due to possible CPV (indicated by the bands in the figure). The sign of 
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 have been fixed. A fit to determine all these parameters including the effects of correlations and ambiguities shows that the Neutrino Factory sensitivity exceeds that of the superbeam projects by ~1–2 orders of magnitude. 

If the LSND oscillation result is confirmed, the simple three-flavour mixing framework will need to be modified to include, for example, additional light neutrinos that are sterile and/or CPT violation. Some information on 
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 oscillations will already be available. It seems likely that there will be a premium on searching for and measuring 
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 oscillations, a programme unique to the Neutrino Factory. It has been shown [Barger02] that there are viable regions of four-neutrino mixing parameter space in which both CPV and thousands of 
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Figure 1.3: Predicted ratios of wrong-sign muon event rates when 
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