Proposal to Measure the Efficiency of Electron Charge Sign Determination up to 10 GeV in a Magnetized Liquid Argon Detector (¯LANNDD)

M.V. Diwan, R.C. Fernow, H.G. Kirk, S.A. Kahn, Z. Parsa, B. Viren Brookhaven National Laboratory, Upton, NY 11973 USA D.B. Cline, K. Lee, B. Lisowski, P.F. Smith Department of Physics and Astronomy, University of California, Los Angeles, CA 90095 USA R.F. Burkart, W. Burgett, E.J. Feynves Department of Physics, University of Texas at Dallas, Richardson, TX 75083 USA A. Badertscher, A. Bueno, L. Knecht, G. Natterer, S. Navas, A. Rubbia Institut fr Teilchenphysik, ETHZ, CH-8093 Zürich, Switzerland J.G. Learned Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822 USA V. Palladino Universita di Napoli “Federico II”, 80138 Napoli, Italy C. Cerri, F. Sergiampietri INFN-Sezione di Pisa, 56010 S. Piero a Grado - PI, Italy C. Lu, K.T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 USA

(April 7, 2002)

Abstract

The recent dramatic success of the ICARUS 300-ton liquid-argon time-projection-chamber prototype [1] indicates that it is timely to review the possibilities for large-scale application of this technology for accelerator-based neutrino physics, neutrino astrophysics, and proton decay [2, 4, 3, 5]. A full exploration of the MNS neutrino mixing matrix (and extensions if sterile neutrinos exist) should be possible if the large mixing angle MSW solution to the solar neutrino problem, presently favored by the data [6], is confirmed by future measurements. A large detector for this purpose should be able to distinguish the charge of the lepton into which the neutrino converts, for which the detector should be immersed in a magnetic field.

The most promising option for a large detector that can distinguish the charge of an electron is magnetized liquid argon [7, 8]. However, all studies to date of liquid argon detectors suitable for neutrino physics [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20] have been in zero magnetic field. We propose to study two key issues with a liquid argon detector of size 0.7 × 0.7 × 3.0 m^3, sufficient to contain an electromagnetic shower, placed in a 120D36 magnet in the AGS A3 beamline:

1. Verification that a liquid argon detector can be operated with the electric field perpendicular to the magnetic field (unlike gas-phase time projection chambers that must be operated with E parallel to B).

2. Verification that the electron charge can be determined up to several GeV by analysis of electromagnetic showers.

We request 15 shifts of slow beam time in the A3 line, with the A target in place to provide 0ffi secondary beams of 1-10 GeV. There should be an interval of at least one week after the first 10 shifts during which the detector would be reconfigured to have E ‖ B.

1 Concept of a Large Magnetized Liquid Argon Detec- tor The proponents’ interest in a large detector for neutrino physics arises from our involvement in studies for high performance neutrino factories based on muon storage rings [21], and for neutrino superbeams from pion decay [22, 23]. A new accelerator-based neutrino physics program must provide significant contrast to the program developing in Japan in association with the JHF [24]. The Japanese detector is the 50-kton (22-kton fiducial volume) water Čerenkov detector, SuperKamiokande, presently operating with no magnetic field, with a possible upgrade to a 1-Mton detector in the future.

A superior detector must offer greater information about the neutrino interactions, particularly the sign of the leptons into which the neutrino converts, which implies that it must be immersed in a magnetic field. A water Čerenkov detector with PMT readout is not very compatible with magnetic analysis. A magnetized-iron sampling calorimeter can analyze the momentum of final state muons, but has little ability to analyze the momentum of electrons. Among devices that could be scaled to very large volumes, a magnetized liquid argon detector is the only one that can analyze electron charge (up to a few GeV), and provides the most detailed tracking information for neutrino interactions.

An overall concept of a large magnetized liquid argon detector is shown in Fig. 1. The LANNDD (Liquid Argon Neutrino and Nucleon Decay Detector) [2, 8] is a time projection chamber, meaning that electrons ionized by charged particles from a neutrino (or other) interaction are drifted by an electric field to an x-y readout plane that is sampled in time to provide the z coordinate of pattern of ionization via knowledge of the drift velocity of ionization electrons. Anticipating the possibility that neutrino beams are eventually sent to it from more than one accelerator, the magnetic field is vertical so the trajectories of secondary particles are generally orthogonal to the magnetic field.

1.1 Operation with E ? B

To keep the readout channel count reasonably small (≈ 200, 000), a pixel readout is not used, but rather arrays of wires at 0ffi and 90ffi to the vertical detect direct and induced signals from drifting electrons. The mechanics of the very large wire planes are somewhat easier if the planes are vertical, as shown in Fig. 1, which implies that the drift electric field is horizontal, i.e., perpendicular to the magnetic field.

Figure 1: Concept of a 70-kton Liquid Argon Neutrino and Nucleon Decay Detector (LANNDD) [2, 8].

Furthermore, when using crossed-wire planes for the readout rather than pads, pattern recognition is considerably easier if the electron drift is perpendicular, rather than parallel, to the magnetic field. Then, electrons from different regions of a track generally arrive at the readout plane at different times, and the problem of “ghost hits” is reduced [8].

All time projection chambers operated in a magnetic field to date have used a gas as the ionization medium, and have had the electric field parallel to the magnetic field. There are two reasons for this, neither of which holds for a liquid medium. First, to obtain good momentum measurements in a gas, the electron diffusion in the bend plane must be suppressed, which requires E ‖ B. But diffusion is so greatly suppressed in a liquid that good spatial resolution is maintained over large drift distances even in zero magnetic field, as shown in Fig. 2 from [1]. Second, the relatively high drift velocity of ionization electrons in a gas would result in a large “Lorentz angle” of drift relative to the electric field lines, and hence a compressed track pattern in one readout coordinate. But the electron drift velocity in a

Figure 2: An event from the recent cosmic-ray test run of ICARUS [1], showing excellent track resolution over long drift distances in zero magnetic field.

Figure 3: Simulations of electromagnetic showers of 2.5 GeV electrons in liquid argon with a 1-T transverse magnetic field [22].

liquid is low enough that the Lorentz angle effect should be negligible.

Nonetheless, in view of the novelty of operating a time projection chamber with E ⊥ B, we propose to study this.

1.2 Determination of the Sign of the Electron Charge

One of the greatest advantages of a magnetized liquid argon detector is its ability to determine the sign of an electron up to a few GeV, by detailed analysis of its electromagnetic shower for which the radiation length is 14 cm. Measurement of the curvature of the electron trajectory before, and after, the first bremsstrahlung provide the signature of the electron charge, as illustrated in Fig. 3.

Figure 4: a) Minimum magnetic field vs. track length required to discriminate between positive and negative curvatures at 3-σ. Dashed curves: contribution of the detector resolution at momenta 1, 2, 5, 10, 20 and 50 GeV/c. Dotted curve: contribution of the multiple scattering in the range 1-50 GeV/c. Solid thick curves: combined contribution of detector resolution and multiple scattering in the range 1-50 GeV/c. b) Momentum resolution vs. magnetic field for muons crossing 20 X_0 in liquid Argon. Dashed curves: contribution of the detector resolution at momenta 1, 2, 5, 10, 20 and 50 GeV/c. Circles: contribution of the multiple scattering independent of momentum. Solid thick curve: combined contribution of detector resolution and multiple scattering in the range 1-50 GeV/c.

For charge sign discrimination, the magnetic bending should be stronger than the multiple scattering and distinguishable against the detector resolution. In both cases, we have to discriminate between positive and negative curvatures. Figure 4a shows the minimum magnetic field required to perform this discrimination at 3-σ. This figure indicates that: a) for muons with track lengths over one meter and B ≥ 0.2 T, charge sign discrimination is feasible even at momenta greater than 50 GeV/c; b) for electrons, assuming 2X_0 analyzable track length, an average 3-d detector pixel of (3.4 mm)^3, and B = 1 T, charge-sign discrimination is possible for momenta up to 7.7 GeV/c at 3-σ.

Momentum determination through the measurement of the curvature in a magnetic field is a valuable tool for analysis of charge-current neutrino interaction events, especially when the final-state muons exit the active detector volume. Figure 4b shows that for tracks of 3 m length, the momentum resolution is 20% at 0.5 T and 10% at 1 T.

2 The ¯-LANNDD Proposal

In view of electromagnetic shower fluctuations, it is important to verify the efficiency of the electron charge determination as a function of electron energy in actual experimental conditions. For this, a liquid argon detector some 60 × 60 × 280 cm^3 with vertical drift over 60 cm, sketched in Figs. 5, 6 and 7, will be placed in the AGS A3 beamline inside a 120D36 magnet with 1-T horizontal field, as sketched in Fig. 8.

Figure 5: Geometry of the μ-LANNDD detector being proposed to study the efficiency of electron charge determination in a magnetized liquid argon detector. At the AGS, the magnetic field would be horizontal, and the electric field would be vertical.

The A3 beamline will be operated with a secondary target of copper, or preferably beryllium or carbon. Secondary charged particles are collected at 0ffi, while the primary beam is pitched into a dump. The electron component of the beam varies from about 30% at 1 GeV to about 3 % at 10 GeV, as shown in Fig. 9. Data can be collected at a rate of about 100 Hz per beam spill, so a run of one hour will provide ample statistics at any one setting of beam energy and magnetic field. We will collect data at 10 beam energies, 1-10 GeV,

Figure 6: Sketch of the μ-LANNDD detector.

Figure 7: Sketch of the μ-LANNDD detector cryostat.

Figure 8: Sketch of the μ-LANNDD detector located inside a 120D36 magnet in the AGS A3 beamline.

Figure 9: MARS simulation of the ratio of electrons to pions produced at 0ffi in a 40-cm-long carbon target in a 24-GeV proton beam.

and four magnetic field strengths, 0.25-1 T, for a total of 40 hours with E ⊥ B. Then the detector will be brought to room temperature, reconfigured with E ‖ B, recooled to liquid argon temperature, and a second set of 40 hours of data collected.

An initial estimate of detector construction costs is $200k [25], with another $200k required to reconfigure the 120D36 magnet, with power, in the A3 beamline [26].

3 References

[1] ICARUS home page: http://www.aquila.infn.it/icarus/

[2] D.B. Cline, F. Sergiampietri, J.G. Learned, K.T. McDonald, LANNDD, A Massive Liquid Argon Detector for Proton Decay, Supernova and Solar Neutrino Studies, and a Neutrino Factory Detector (May 24, 2001), astro-ph/0105442

[3] A. Bueno et al., Nucleon decay searches: study of nuclear effects and background, ICARUS-TM/01-04 (Oct. 9, 2001), http://www.aquila.infn.it/icarus/icarus tm/icarus 01 04.pdf

[4] M.V. Diwan et al., Neutrino Physics with Detectors at Baselines of 100-1000 km from BNL (April 7, 2002), http://www.hep.princeton.edu/~mcdonald/nufact/bnl loi/bnl loi short.pdf

[5] M.V. Diwan et al., LANNDD – Liquid Argon Neutrino and Nucleon Decay Detector, submitted to the National Researc Council (Apr. 23, 2002), http://www.hep.princeton.edu/~mcdonald/nufact/nrc lanndd.pdf

[6] (SNO Collab.) Q.R. Ahmad et al., Measurement of the rate ν_e + d → p + P + e� interactions by 8B neutrinos at the Sudbury Neutrino Observatory, Phys. Rev. Lett. 87, 071301 (2001); nucl-ex/0106015, 0204008, 0204009, http://sno.phy.queensu.ca/

[7] C. Rubbia, The Liquid Argon Time Projection Chamber: a New Concept for Neutrino Detector, CERN-EP/77-08 (1977).

[8] F. Sergiampietri, On the Possibility to Extrapolate Liquid Argon Technology to a Supermassive Detector for a Future Neutrino Factory, presented at NuFACT’01 (May 26, 2001), http://www.hep.princeton.edu/~mcdonald/nufact/sergiampietri nufact01.pdf

[9] E. Aprile, K.L. Giboni and C. Rubbia, A Study of Ionization Electrons Drifting Large Distances in Liquid and Solid Argon, Nucl. Instr. and Meth. A241, 62 (1985).

[10] G. Giorginis et al., A Liquid Argon TPC, Nucl. Instr. and Meth. A273, 650 (1988).

[11] E. Buckley et al., A Study of Ionization Electrons Drifting Over Large Distances in Liquid Argon, Nucl. Instr. and Meth. A275, 364 (1989).

[12] G. Carugno et al., Electron Lifetime Detector for Liquid Argon, Nucl. Instr. and Meth.

A292, 580 (1990).

[13] G. Bressi et al., Argon Purification in the Liquid Phase, Nucl. Instr. and Meth. A292, 585 (1990).

[14] A. Bettini et al., A study of the factors affecting the electron lifetime in ultra-pure liquid argon, Nucl. Instr. and Meth. A305, 177 (1991).

[15] P. Benetti et al., The ICARUS R&D program and results, Nucl. Instr. and Meth. A327, 173 (1993).

[16] P. Benetti et al., A three-ton liquid argon time projection chamber, Nucl. Instr. and Meth. A332, 395 (1993).

[17] P. Cennini et al., Performance of a three-ton liquid argon time projection chamber, Nucl. Instr. and Meth. A345, 230 (1994).

[18] F. Arneodo et al., First observation of 140-cm drift ionizing tracks in the ICARUS liquid-argon TPC, Nucl. Instr. and Meth. A449, 36 (2000).

[19] F. Arneodo, Operation of a 10 m^3 ICARUS detector module, Nucl. Instr. and Meth.

A461, 286 (2001).

[20] F. Arneodo et al., ICARUS:an innovative detector for underground physics, Nucl. Instr.

and Meth. A461, 324 (2001).

[21] S. Ozaki et al., eds., Feasibility Study-II of a Muon-Based Neutrino Source (June 14, 2001), http://www.cap.bnl.gov/mumu/studyii/FS2-report.html

[22] A. Bueno, M. Campanelli and A. Rubbia, Neutrino factories: Detector concepts, presented at the IX Intl. Workshop on Neutrino Telescopes (Venice, Mar. 6-10, 2001), http://pcicarus7.ethz.ch/Talks pdfs/venice2001.pdf

[23] M.V. Diwan et al., A Scenario for a Brookhaven Neutrino Super Beam Experiment, submitted to Proc. Snowmass’01 (Oct. 23, 2001), http://pubweb.bnl.gov/users/kahn/www/papers/nuscenario.pdf

[24] Y. Itow et al., The JHF-Kamioka neutrino project (June 5, 2001); hep-ex/0106019. See also, T. Kobayashi, JHF Neutrino Beams (Jan. 17, 2002), http://muonstoragerings.cern.ch/NuWorkshop

[25] F. Sergiampietri et al., μ-LANNDD, A prototype magnetized liquid argon detector for electron charge sign discrimination (Oct. 23, 2001), http://www.hep.princeton.edu/~mcdonald/nufact/uL proposal 102301.pdf

[26] J. Scaduto (private communication).