A Select Overview of Neutrino Experiments

Ray Stefanski^∗

for the MiniBooNE Collaboration Fermi National Accelerator Laboratory; MS 122 PO Box 500 Batavia, IL 60510

Abstract

The relationship between the lepton sector and the quark sector is an interesting source of discourse in the current theoretical climate. Models that might someday supersede the Standard Model typically require quark structure, with implications for the lepton sector. This talk will explore some of the consequences of newer models, in the context of certain neutrino experiments.

To set the stage for this discussion, please recall the words of Reginald Butler:

There was a young lady named Bright, whose speed was far faster than light, She went out one day, in a relative way, and returned the previous night!

Talk given at the 13th International Seminar on High Energy Physics “QUARKS’ 2004” Pushkinskie Gory, Russia, May 24-30, 2004

∗This work was performed at the Fermi National Accelerator Laboratory, which is operated by the University Research Association, under contract DE-AC02-76CH03000 with the U.S. Department of Energy. Send comments to: stefanski@fnal.gov

1 Introduction

Why would we wish to discuss neutrinos at a seminar devoted to quarks?

In the Standard Model (SM) the quark and lepton sectors are clearly separated, each with its own unique properties. Both baryon number and lepton number are good quantum numbers. Leptons are treated as fundamental particles.

In an extension of the SM, such as Minimal SUSY, we may no longer conserve baryon or lepton number. Another conserved quantity such as Rparity may be used instead. It is defined as

P_R = (−1)^{3(B−L)+2S} (1)

where S is the particle spin. All SM particles have P_R=1, while all superparticles have P_R=-1. Conservation of P_R implies that every interaction vertex has an even number of super-partners, and that a least massive particle (LMP) must exist [1]. If P_R is not conserved, then the LMP may be observable in neutrino decays [2].

Lepton experiments constrain SUSY parameters by measuring the neutrino mass in oscillation experiments, nuclear beta decay, or the neutrinoless double beta decay. The experiments also explore the spin properties of the neutrino vis-a-vis the Dirac/Majorana - particle/antiparticle characteristics. Precise measurement of muon decay, searches for neutrino decay, measurements of the anomalous magnetic moments, and the electric dipole moments of the leptons also constrain the models. Future experiments are likely to address the issues of CP and CPT conservation in the lepton sector by means of rare decays, neutron decay, and parity violating electron scattering. For example, if the neutrinos turn out to be Majorana particles with mass, theory must account for the possibility of neutrino decay, and the possible appearance of lepton violation.

2 Current Understanding

The successful detection of neutrino oscillations at SuperK [3], SNO [4], and KAMLAND [5] can be explained only if the neutrinos are massive. This discovery is an important step toward understanding the properties of neutrinos, but many questions remain unresolved. What is the number of neutrino flavors (three active and some sterile); is the neutrino a Majorana or Dirac particle; what is the magnitude of the masses, and what is the mass hierarchy; what are the neutrino flavor mixing parameters; what other exotic properties does the neutrino exhibit - does it decay, does it violate CP or CPT? At a recent seminar at Fermilab [6] Stephen Parke reported the result of his poll of theoretical opinion: Based on current prejudice there would be three neutrino flavors, the neutrino would be a Majorana particle, the see-saw [7] mechanism would properly explain the mass hierarchy, and there would be no exotic effects. His conclusion: “At least one prejudice must be wrong.”

3 Neutrino Experiments

In this talk we wish to discuss the status and future of neutrino experiments, or at least a recent manifestation of some of them. We will not go so far into the past as to explore Fermilab E-531, CERN Chorus or NOMAD, although this history is very interesting in its own right [8]. Much of the early work regarding neutrino oscillations was done at BNL, CERN, Fermilab and Serpukhov. To begin, let’s look at LSND [9] and Karmen [10].

3.1 LSND and KARMEN

The first observation of an appearance of an excess of ν̄_e in μ^+ decays at rest was reported by the LSND collaboration in 1995. Subsequent runs at LSND with muons that decay at rest, and in flight, confirmed this initial result to the level of about four sigma. KARMEN running with a different detector configuration, and significantly different neutrino beam geometry, could not confirm the result. A joint analysis [11] was carried out to investigate the probability that the two experiments are compatible. The analysis concluded that the KARMEN result could not completely exclude the LSND signal.

The LSND result, if correct, and combined with the atmospheric and solar results, implies the existence of more than three neutrino flavors. The measured mass differences, one large and two fairly small, cannot be fit into a theory with three neutrino flavors [12]. Collider measurements [13] of the Breit-Wigner distribution of the Z^0 decaying into two leptons preclude the existence of more than three active neutrino flavors. This implies that additional neutrino flavors must be sterile - they would not interact with ordinary matter through the weak interaction.

3.2 MiniBooNE

A detector is now taking data at Fermilab to check the LSND result. Mini- BooNE (Fermilab E-898 [14]) is an 800 Ton mineral oil cerenkov counter with 1280 20-cm diameter PMTs positioned at a radius of 5.5 meters relative to the center of the detector. The detector is 12 meters in diameter, and the outer 0.5 meter contains 240 PMTs, which constitute a veto. The detector receives a beam of muon neutrinos generated by the interaction of 8 GeV protons on a 1.7 λ target, and focused by a magnetic horn. After two years of running, the experiment has collected over 380,000 ν_μ interactions.

The search for oscillations in the LSND parameter space is being done as a blind analysis. The collaboration anticipates opening the box in the fall of 2005. The anticipated sensitivity of the search is shown in Figure 1a, with a conservative estimate of systematic errors. The sensitivity of the experiment will depend on the size of the neutrino sample collected, an understanding of the characteristics of the detector, and an understanding of the intrinsic beam-related ν_e backgrounds. The collaboration is actively participating in the BNL E-910 analysis [15], and the CERN HARP experiment [16], to develop a precise model for pion and kaon production on a beryllium target with 8 GeV protons. This should provide an accurate estimate of the ν_μ flux and the intrinsic ν_e backgrounds. In addition, a muon detector is located at an angle of 7^∘ relative to the neutrino beam to collect muons primarily originating in kaon decay [17]. This measurement can be compared to a simulation of neutrinos from kaon decay, which constitute the high energy flux in MiniBooNE. Improvements in analysis are also leading to better background rejection [18]. The collaboration may also use ν_μ interactions in the detector to derive the muon flux in the decay region to estimate ν_e backgrounds from muon decay. By the same process, the pion flux can also be derived so that additional checks can be made on other sources of beam intrinsic ν_e backgrounds. As an additional check for systematic errors, the collaboration has the option of running with a beam stop placed in the middle of the decay region, reducing the neutrino flux from pion decay by 1/2, but leaving the flux from kaon decay nearly unchanged.

Another check for systematics is to run with an entirely different beam configuration. Some data have been taken with the horn focussing system turned off, providing a check of the flux predictions. The collaboration anticipates running with an ν̄_μ beam. This configuration may also provide a means to measure CP and CPT violation. We’ll get back to this in Section 3.4.

Figure 1: a. MiniBooNE oscillation sensitivity for 1 × 10^{21} protons on target using fits to the event energy distribution including signal and backgrounds. The dark (light) blue areas are the LSND 90% (99%) CL allowed regions. The three curves give the 90%, 3 σ, and 5 σ sensitivity regions for Mini- BooNE. b. Reconstructed invariant mass of π^0s (circles with statistical error bars). Fitted shapes are Monte Carlo calculations of the contribution from background (dashed curve) and signal (neutral current resonant and coherent π^0 production).

3.3 Near-term Measurements

The MiniBooNE collaboration investigates several different phenomena in the process of understanding the detector. The analysis brings up processes for which the experiment can substantially improve existing data. Included are cross-section measurements for charged current quasi-elastic ν_μ scattering, neutral current π^0 production and neutral current elastic scattering.

As an example we may consider the cross-section for neutral current π^0 production. The production mechanism may involve resonant production: ν + (p/n) → ν + Δ ; Δ → (p/n) + π, or coherent production: ν + C → ν + C + π^0. The signal compared to background is given in Figure 1b. With this data it is now possible for the first time to test the models contained in various Monte Carlo simulations [19].

The collaboration is also performing an analysis that will lead to a disappearance search ν_μ → ν̸μ for neutrino oscillations. The analysis will concentrate on a ν_μ quasi-elastic event selection and a good understanding of the energy distribution of the neutrino flux. A disappearance measurement can be used to test specific models that predict the neutrino mass hierarchy, especially those that include sterile neutrinos.

3.4 CP Violation

We mentioned that the MiniBooNE collaboration plans to take data with antineutrinos to help measure systematic effects in the beam and detector. This run may also test for CP-violation by comparing the neutrino and antineutrino oscillation probabilities [20]. This run will take place after the current neutrino run is complete, perhaps in the middle of 2005. The interaction cross-section for ν̄_μ is about 1/3 of the ν_μ cross-section, so this may be a very long run. However, the original LSND experiment detected neutrino oscillations in the ν̄_μ mode, and it may be that a lack of signal in MiniBooNE could signify the presence of CP violation.

3.5 A Two Detector BooNE

If MiniBooNE sees an oscillation signal, it will be imperative to measure the oscillation parameters with good precision. The addition of a second or third detector will greatly improve the background estimates. The beam intrinsic ν_e will have the same interaction rate per unit volume in each detector, and will cancel out in the analysis. It will be important to have a positive signal in MiniBooNE before the placement of additional detectors, since the most effective location will be an oscillation maximum.

3.6 A Reactor Neutrino Experiment.

The mass mixing matrix (NMS) [21] in the neutrino sector has four free parameters: A parity violating phase δ, and three mixing angles θ_{12} (solar), θ_{23} (atmospheric), and θ_{13} – a special mixing angle that mixes the mass eigenstates related to both solar and atmospheric neutrino oscillations. GUT theories may relate the NMS matrix to the CKM matrix. The mass hierarchy is also not known at this time, and must be inferred from future experiments. These measurements will require great precision and operation of experiments under differing conditions, and with different sources. There are also important differences between oscillations that originate in a ν̄_e beam compared to a ν_μ beam. In particular, experiments that use a reactor [22] as a source will sit in a beam of ν̄_e. These experiments will be able to measure θ_{13} unambiguously, that is, the oscillations will not depend on θ_{23}. Experiments such as T2K [23] and Nova [24], which sit in a ν_μ beam, will see oscillations that depend on both θ_{13} and θ_{23}. Combining the result of both sets of measurements can yield an unambiguous result for both θ_{13}and θ_{23}. A recent study [25] made a comparison between different detectors, and the physics reach achievable with combined data from each.

3.7 Other Neutrino Experiments.

Two additional measurements I would like to discuss are the measurement of the strange spin of the proton and a measurement of the Weinberg (or weak mixing) angle in ν̄_e interactions.

The FINeSSE experiment, proposed initially for Fermilab [26] and subsequently submitted at BNL, is designed to perform a precision measurement of the strange spin of the proton (Δs) competitive with the most recent measurements from charged-lepton scattering experiments. By measuring the ratio of neutral-current neutrino-proton elastic scattering to charged-current neutrino-nucleon quasi-elastic scattering to 5%, FINeSSE can measure Δs to an absolute error of δ (Δs) = 0.04.

The measurement of the Weinberg angle would be carried out in conjunction with the reactor θ_{13} experiment. For the θ_{13} measurement the signal is taken from quasi-elastic interactions, making a comparison between near and far detectors. The measurement of sin^2(θ_W ) relies on a measurement of antineutrino electron elastic scattering. The total rate of this process is sensitive to sin^2(θ_W ) [27].

4 Conclusion

We’ve discussed several current issues in this paper. The leptons and quarks have much in common in grand unified theories. Neutrino experiments will play a vital role in establishing good quantum numbers in unified theories. In particular, neutrino experiments will determine if sterile neutrino families should be added to the mass mixing matrix; a comparison of neutrino and anti-neutrino oscillations will provide an excellent laboratory for tests of CP; reactor experiments, combined with accelerator-based experiments, will unravel the neutrino mass mixing matrix; and comparison of oscillation phenomena in ν̄_eand ν_μ beams can lead to tests of CPT. Additional measurements in neutrino beams will determine the strange spin of the proton, and a reactor experiment can measure the Weinberg angle in a unique and interesting channel.

And finally, the fine words of Reginald Butler notwithstanding; nay – one cannot arrive at a destination at a time before departure, even if one invokes the special theory [28].

Acknowledgements

The author wishes to thank the MiniBooNE collaboration for their help in preparation of this presentation.

References

[1] S.P. Martin; A Supersymmetry Primer; “Perspectives on Supersymmetry” p1-p98, G.L. Kane (ed.), September, 1997 [hep-ph/9709356].

[2] M.B Magro; Collider Tests for Neutrino Mass Generation in a Supersymmetric World with R-Parity Violation; Brazilian Journal of Physics, vol. 34, no. 1A; March, 2004.

[3] Y. Ashie; Evidence for an oscillatory signature in atmospheric neutrino oscillation; April, 2004 [hep-ex/0404034].

[4] S.N. Ahmed, et al.; Measurement of the Total Active^8B Solar Neutrino Flux at the Sudbury Neutrino Observatory with Enhanced Neutral Current Sensitivity; September 6, 2003 [nucl-ex/0309004].

[5] S.N. Araki, et al.; Measurement of Neutrino Oscillation with KAM- LAND: Evidence of Spectral Distortion; June 13, 2004 [hep-ex/0406035].

[6] From Steve Parke; “At least one theoretical prejudice is wrong”; Seminar presented at Fermilab; November, 2003.

[7] M. Gell-Mann, P. Ramond and R. Slansky; Proc. Supergravity Stony Brook Workshop; New York 1979; eds, P. Van Nieuwenhuizen and D. Freedman.

T.Yamagida; Proc. Workshop on United Theories and Baryon Number in the Universe; Tsukuba, Japan 1979; eds. A. Sawada and A. Sugamoto.

R.N. Mohapatra and G. Senjanovic; Phys. Rev. Lett.44, 912 (1980) (erratum) Phys. Rev. B 23, 165 (1993).

[8] Gary Feldman; Accelerator-based Neutrino Oscillation Experiments;

XXVIII SLAC Summer Institute on Particle Physics; August 14-25, 2000, Stanford, California.

[9] C. Athanassopoulos et al.; Phys. Rev. C54, 2685 (1996); C. Athanassopoulos et al.; Phys. Rev. C77, 3082 (1996).

[10] K. Eitel; “The KARMEN final results on the search for neubar from mu^+ decay at rest; Conference on the Intersection of Particle and Nuclear Physics, CIPANP2003, May 24-29, 2003; New York City.

[11] K. Eitel; “The LSND and KARMEN Short Baseline Acelerator-Based Neutrino Oscillation Searches; The 1st Yamada Symposium on Neutrinos and Dark Matter in Nuclear Physics, June 9-14, 2003; Nara, Japan.

[12] M. Maltoni, T. Schwetz and J.W. Valle; Status of four-neutrino mass schemes: a global and unified approach to current neutrino oscillation data; Phys. Rev. D 65 093004 (2002) [hep-ph/0112103]. C. Giunti, M.C. Gonzalez-Garcia and C. Pena-Garay; Four-Neutrino Oscillation Solutions of the Solar Neutrino Problem; Phys. Rev. D 62 013005 (2000) [hep-ph/0001101].

[13] D.E. Groom, (Particle Data Group) Number of Light Neutrino Types;

Eur. Phys. Jour., C15, 1, 2000 (URL: http://pdg.lbl.gov).

[14] E. Church, et al.; A proposal for an experiment to measure ν_μ → ν_e oscillations and ν_μ disappearance at the Fermilab Booster; Fermilab Proposal E-898, December 7, 1997 (URL:http://www-fnal.boone.fnal.gov).

[15] I. Chemakin, et al.; A Facility to Study Proton-nucleus and Heavy Ion Collisions using a Large-acceptance Detector with Particle Identification Capabilities; Brookhaven AGS Proposal E-910, July 10, 1995 (URL:http//www.bnl.gov/ e910/html/home.htm).

[16] M.G. Catanesi, et al.; A proposal to study hadron production for the neutrino factory and the atmospheric neutrino flux; CERN-SPSC/99- 35, November 15, 1999 (URL:http://harp.web.cern.ch/harp/).

[17] E.D. Zimmerman, et al.; Monitoring Kaon Decays in the BooNE Secondary Beam; 3rd International Workshop on Neutrino Beams and Instrumentation; March 14-19, 2002; CERN, Geneva, Switzerland.

[18] Byron P. Roe et al.; The Boosting Algorithm, an Alternative to Artificial Neural Networks; BOONE-TN-117, March 18, 2004, (submitted to Phys. Rev. D).

[19] There are three Monte Carlo simulations used in the energy domain around 1 GeV/c^2:

NUANCE: D. Casper; Nucl. Phys. B Proc. Suppl. 112:161-170 (2002); NEUGEN: H. Gallagher; Nucl. Phys. B Proc. Suppl. 112:188-194 (2002);

NEUT: Y. Hayato; Nucl. Phys. B Proc. Suppl. 112:171-176 (2002).

[20] Sorel, Berger and Whisnant, private communication.

[21] Z. Maki, M. Nakagawa and S. Sakata; Remarks on the unified model of elementary particles; Prog. Theor. Phys. 28, 870, 1962.

[22] M. Goodman; Plans for Experiments to Measure θ_{13}; April 23, 2004 [hepex/0404031]; K. Anderson et al.; White Paper Report on Using Nuclear Reactors to Search for a Value of θ_{13}; January, 2004 (unpublished).

[23] Y. Itow et al.; The JHF-Kamioka neutrino project; June 5, 2001 [hepex/01060119].

[24] I. Ambats et al.; Proposal to Build an Off-Axis Detector to study ν_μ → ν_e Oscillations in the NuMI Beamline; Fermilab Proposal 929, March 15, 2004

[25] K.B. McConnel and M.H. Shaevitz; Comparisons and Combinations of Neutrino Reactor and Long-Baseline Neutrino Oscillation Measurements; September 10, 2004 [hep-ex/0409028].

[26] L. Bugel et al. (FINeSSE Collaboration), A Proposal for a near detector experiment on the booster neutrino beamline; Fermilab Proposal-927, February, 2004 [hep-ex/0402007].

[27] J.M Conrad, J.M. Link, and M.H. Shaevitz; Precision Measurement of sin^2(θ_W ) at a Reactor; August 27, 2004 [hep-ex/0403048].

[28] Visions of the 21st Century; Will We Travel Back (OR Forward) in Time? (URL: http://www.time.com/reports/v21/science).