arXiv:hep-ex/0009001 1 Sep 2000

Tau Neutrinos Favored over Sterile Neutrinos in Atmospheric Muon Neutrino Oscillations

Revision of September 1, 2000

The Super-Kamiokande Collaboration

S. Fukuda^a, Y. Fukuda^a, M. Ishitsuka^a, Y. Itow^a, T. Kajita^a, J. Kameda^a, K. Kaneyuki^a, K. Kobayashi^a, Y. Koshio^a, M. Miura^a, S. Moriyama^a, M. Nakahata^a, S. Nakayama^a, Y. Obayashi^a, A. Okada^a, K. Okumura^a, N. Sakurai^a, M. Shiozawa^a, Y. Suzuki^a, H. Takeuchi^a, Y. Takeuchi^a, T. Toshito^a, Y. Totsuka^a, S. Yamada^a, M. Earl^b, A. Habig^{b,∗}, E. Kearns^b, M.D. Messier^b, K. Scholberg^b, J.L. Stone^b, L.R. Sulak^b, C.W. Walter^b, M. Goldhaber^c, T. Barszczak^d , D. Casper^d, W. Gajewski^d, W.R. Kropp^d, S. Mine^d, L.R. Price^d, M. Smy^d, H.W. Sobel^d, M.R. Vagins^d, K.S. Ganezer^e, W.E. Keig^e, R.W. Ellsworth^f , S. Tasaka^g, A. Kibayashi^h, J.G. Learned^h, S. Matsuno^h, D. Takemori^h, Y. Hayato^i, T. Ishii^i, T. Kobayashi^i, K. Nakamura^i, Y. Oyama^i, A. Sakai^i, M. Sakuda^i, O. Sasaki^i, M. Kohama^j, A.T. Suzuki^j, T. Inagaki^k, K. Nishikawa^k, T.J. Haines^{l,d}, E. Blaufuss^m, B.K. Kim^m, R. Sanford^m, R. Svoboda^m, M.L. Chen^n, J.A. Goodman^n, G. Guillian^n, G.W. Sullivan^n, J. Hill^o, C.K. Jung^o, K. Martens^o , M. Malek^o, C. Mauger^o, C. McGrew^o , E. Sharkey^o, B. Viren^o, C. Yanagisawa^o, M. Kirisawa^p, S. Inaba^p, C. Mitsuda^p, K. Miyano^p, H. Okazawa^p, C. Saji^p, M. Takahashi^p, M. Takahata^p, Y. Nagashima^q, K. Nitta^q, M. Takita^q, M. Yoshida^q, S.B. Kim^r, T. Ishizuka^s, M. Etoh^t, Y. Gando^t, T. Hasegawa^t, K. Inoue^t, K. Ishihara^t, T. Maruyama^t, J. Shirai^t, A. Suzuki^t, M. Koshiba^u, Y. Hatakeyama^v, Y. Ichikawa^v, M. Koike^v, K. Nishijima^v, H. Fujiyasu^w, H. Ishino^w, M. Morii^w, Y. Watanabe^w, U. Golebiewska^x, D. Kielczewska^{x,d}, S.C. Boyd^y, A.L. Stachyra^y, R.J. Wilkes^y, K.K. Young^{y,†}

a Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba 277-8582, Japan b Department of Physics, Boston University, Boston, MA 02215, USA c Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA d Department of Physics and Astronomy, University of California, Irvine, Irvine, CA 92697-4575, USA e Department of Physics, California State University, Dominguez Hills, Carson, CA 90747, USA f Department of Physics, George Mason University, Fairfax, VA 22030, USA g Department of Physics, Gifu University, Gifu, Gifu 501-1193, Japan h Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA i Institute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan j Department of Physics, Kobe University, Kobe, Hyogo 657-8501, Japan k Department of Physics, Kyoto University, Kyoto 606-8502, Japan l Physics Division, P-23, Los Alamos National Laboratory, Los Alamos, NM 87544, USA m Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA n Department of Physics, University of Maryland, College Park, MD 20742, USA o Department of Physics and Astronomy, State University of New York, Stony Brook, NY 11794-3800, USA p Department of Physics, Niigata University, Niigata, Niigata 950-2181, Japan q Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan r Department of Physics, Seoul National University, Seoul 151-742, Korea s Department of Systems Engineering, Shizuoka University, Hamamatsu, Shizuoka 432-8561, Japan t Research Center for Neutrino Science, Tohoku University, Sendai, Miyagi 980-8578, Japan u The University of Tokyo, Tokyo 113-0033, Japan v Department of Physics, Tokai University, Hiratsuka, Kanagawa 259-1292, Japan w Department of Physics, Tokyo Institute for Technology, Meguro, Tokyo 152-8551, Japan x Institute of Experimental Physics, Warsaw University, 00-681 Warsaw, Poland y Department of Physics, University of Washington, Seattle, WA 98195-1560, USA

ABSTRACT

The previously published atmospheric neutrino data did not distinguish whether muon neutrinos were oscillating into tau neutrinos or sterile neutrinos, as both hypotheses fit the data. Using data recorded in 1100 live-days of the Super-Kamiokande detector, we use three complementary data samples to study the difference in zenith angle distribution due to neutral currents and matter effects. We find no evidence favoring sterile neutrinos, and reject the hypothesis at the 99% confidence level. On the other hand, we find that oscillation between muon and tau neutrinos suffices to explain all the results in hand.

I. INTRODUCTION

In previous papers [1–3] Super-Kamiokande reported evidence for the oscillation of muon neutrinos produced in cosmic-ray induced showers in the atmosphere. This evidence rests largely upon a strong zenith angle dependent deficit in the muon data, which does not appear in the electron data, and hence limits the amount of oscillation into electron neutrinos. In fact, the results only demonstrate that muon neutrinos are disappearing, depending on the energy and flight distance. The most plausible scenario is that muon neutrinos oscillate to tau neutrinos, most of which are below the 3.4 GeV neutrino energy threshold for charged current tau production. The few charged current tau events created (we expect approximately 65 in our current sample) typically fail our cuts that identify a single electron or muon; indeed, due to the high energy of the interaction and the multiple decay modes of the tau, it is difficult to isolate any set of events that can be uniquely identified as due to charged current ν_τ interactions.

An alternative scenario that can explain muon neutrino disappearance is oscillation with a sterile neutrino (ν_s), so named because it has neither charged current (CC) nor neutral current (NC) interactions. Neutrino oscillation has also been employed to explain two other experimental anomalies: the long-standing deficit of solar neutrinos [4], and the appearance of electron antineutrinos in the LSND experiment [5]. The three oscillation signatures, LSND, atmospheric, and solar, are manifested by three widely separated values of the mass-squared difference, Δm^2 = m^2_i − m^2_j . Because Δm^2_{31} must equal Δm^2_{12} + Δm^2_3, all three signatures cannot be accommodated with three neutrino states. Any additional light neutrino must be sterile to satisfy the well-known bound of three neutrino flavors that couple to the Z^0 [6].

In this letter, we use more than 1000 days exposure of atmospheric neutrino data collected by the Super-Kamiokande detector to distinguish the behavior of ν_μ ↔ ν_τ oscillation from ν_μ ↔ ν_s oscillation. First, for ν_μ ↔ ν_s oscillation, one should observe fewer neutral current events than for ν_μ ↔ ν_τ oscillation; in the latter case the neutral current event rate is unchanged by oscillations.

Second, the interaction of the neutrinos with matter [7] leads to a difference in the oscillation probability. The coherent forward scattering of ν_τ and ν_μ are identical, therefore the presence of matter in the neutrino path does not modify the oscillation probability for a neutrino of energy E_ν that travels a distance L in vacuum:

P_{νμ→ντ} = sin^2 2θ_v sin^2(π L l ), (1)

where sin^2 2θ_v is the mixing angle between the two neutrino states, and l in vacuum is given by l_v = 4πE_ν/Δm^2. In contrast, ν_s does not interact with matter by definition, whereas ν_μ does interact with matter via the neutral current. This introduces an effective potential which modifies the mixing angle and oscillation length [7]:

sin^2 2θ_m = sin^2 2θ_v (ζ − cos 2θ_v)^2 + sin^2 2θ_v

, (2)

l_m = l_v √ (ζ − cos 2θ_v)^2 + sin^2 2θ_v

. (3)

The parameter ζ is given by ∓ √ 2E_ν G_F N_n/Δm^2, where N_n is the neutron density in the matter traversed by the neutrino, the minus sign is for neutrinos, and the plus sign is for antineutrinos. For the density of matter in the earth, ζ reaches unity for E_ν of 5 GeV ×Δm^2/(10^{−3}eV^2). The Super-Kamiokande data indicates a likely value for Δm^2 of 3 × 10^{−3}eV^2, which means that neutrinos with energy greater than approximately 15 GeV will have the oscillation probability suppressed by matter effects if the oscillation is ν_μ ↔ ν_s. Neutrinos of lower energy will have approximately the same oscillation probability in matter as in vacuum, even if the oscillation is ν_μ ↔ ν_s.

II. THE DATA SETS

Super-Kamiokande is a 50 kilotons water Cherenkov detector employing 11,146 photomultiplier tubes (PMTs) to monitor an internal detector (ID) fiducial volume of 22.5 kilotons. Incoming and outgoing charged particles are identified by 1885 PMTs in an optically isolated outer volume (OD). Details of the detector, calibrations, and data reduction can be found in Refs. [1–3]. Super-Kamiokande has collected 9178 fully-contained (FC) events and 665 partially-contained (PC) events in a 70.5 kiloton-year (1144 days) exposure, starting in April 1996. FC events deposit all of their Cherenkov light in the ID while PC events have exiting tracks which deposit some Cherenkov light in the OD. The vertex position is reconstructed and the number of Cherenkov rings are counted using PMT pulse height and timing information. The directions and momenta are reconstructed and the particle types are identified as “elike” or “μ-like” for each Cherenkov ring. In the current FC sample, there are 3107 single-ring e-like events, 2988 single-ring μ-like events and 3083 multi-ring events.

This detector has also collected 1269 upward through-going muon (UTM) events during 1138 live days. Muons which leave both entrance and exit signal clusters in the OD are regarded as through-going muon events; those that are upward going are produced by atmospheric neutrino interactions in the surrounding rock. We required a minimum track length of 7 meters in the inner detector (corresponding to a minimum muon energy of 1.6 GeV) and a zenith angle cos Θ < 0 (cos Θ = −1 means vertically upward-going events). Because of finite fitter resolution and multiple Coulomb scattering of muons in the nearby rock, some down-going cosmic-ray muons appear to be coming from −0.1 < cos Θ < 0. This background was estimated to be 9.1 ± 0.8 events [3], which was subtracted from the most horizontal bin.

III. ANALYSIS

A. Fully Contained Single-Ring Data

First, utilizing only the FC single-ring events, we have examined the hypotheses of two-flavor ν_μ ↔ ν_τ and ν_μ ↔ ν_s oscillation models using a χ^2 comparison of our data and Monte Carlo (MC), allowing all important MC parameters to vary, weighted by their expected uncertainties. For ν_μ ↔ ν_s, the effects of matter on neutrino propagation through the earth were taken into account by a numerical evolution where the density of the earth was divided into 94 discrete steps in radius based on Ref. [8]. Furthermore, matter effects are different with positive or negative Δm^2 except for full mixing case. Therefore, we evaluate three models of oscillation, (a) ν_μ ↔ ν_τ , (b) ν_μ ↔ ν_s(Δm^2 > 0), and (c) ν_μ ↔ ν_s(Δm^2 < 0). The data were binned by particle type, momentum, and cos Θ. A χ^2 is defined as:

χ^2_{F C} ≡ 65∑ cos Θ,p ( N_{data} − N_{MC} (sin^2 2θ, Δm^2, ϵ_j) σ )2 + ∑ j ( ϵ_j σ_j )_2 ,

where the sum is over five bins equally spaced in cos Θ and seven (six) momentum bins for e-like (μ-like) events. N_{data} is the measured number of events in each bin, σ is the statistical error, and N_{MC} is the weighted sum of MC events. The definition of χ^2, and the treatment of systematic uncertainties, ϵ_j, is identical to that in Ref. [1], except we exclude the PC events (which we employ later in the present report).

The best-fit values of oscillation parameters are summarized in Table I. With the best fit parameters for ν_μ ↔ ν_τ , we expect only 16 single-ring events from ν_τ charged current interactions in the current sample. Moreover, matter induced modifications to oscillations do not produce significant effects due to the relatively small energy (∼ 1 GeV) of the parent neutrinos for the FC events. Therefore these three hypotheses for oscillations are indistinguishable by this data sample alone.

TABLE I. Best fit oscillation parameters for fully contained sample.

Mode Δm^2(eV^2) sin^2 2θ χ^2_{min}/d.o.f νμ ↔ ντ 3.2 × 10^{−3} 1.000 61.33/62 νμ ↔ νs(Δm^2 > 0) 4.0 × 10^{−3} 0.995 62.56/62 νμ ↔ νs(Δm^2 < 0) 3.2 × 10^{−3} 1.000 62.62/62

B. Multi-Ring Sample

Next we employ a neutral current (NC) enriched sample of events selected from multi-ring (MR) data. By definition a sterile neutrino does not interact with matter even through the neutral current channel, while a tau neutrino continues to experience the same neutral current interactions as did the original muon neutrino. We measure the zenith angle distribution of NC events to distinguish between ν_μ ↔ ν_τ and ν_μ ↔ ν_s: if pure ν_μ ↔ ν_τ oscillations are operating, then the up/down ratio should be nearly unity; if ν_μ ↔ ν_s oscillations dominate, the up/down ratio will be measurably smaller.

In order to obtain a sample with an enhanced with NC events, we applied the following selection criteria: (1) vertex within the fiducial volume and no exiting track; (2) multiple Cherenkov rings; (3) particle identification of the brightest ring is e-like; (4) visible energy greater than 400 MeV.

The first criterion provides a contained event sample, the second and third criteria serve to enrich the NC event fraction. The fourth criterion helps to obtain good angular correlation between the incident neutrino and the reconstructed direction, defined as the charge weighted sum of the ring directions. The mean angle difference between the parent neutrino and reconstructed directions is estimated to be 33^∘. According to our MC study, for no oscillations (and ν_μ ↔ ν_τ oscillations at best fit parameters), the resultant fraction of NC events is 29% (30%), ν_eCC is 46% (48%) and ν_μCC is 25% (19%) (and ν_τ CC is 3%). In contrast the FC single ring sample contains only ∼ 6% NC events. In the current exposure, 1531 events satisfy the above criteria. Figure 1(a) shows the zenith angle distribution of these events with predictions from the MC.

We utilize an up-to-down ratio as the discriminant, which cancels some systematic uncertainties (otherwise dominated by the large uncertainty in absolute rates). In this context we define “upward” as a cosine of zenith angle less than −0.4, and “downward” as greater than +0.4. There are 387 upward events and 404 downward events. Figure 1(b) shows the Δm^2 dependence of the expected up/down ratio in the case of full mixing (sin^2 2θ = 1). For Δm^2 of 3.2 × 10^{−3} eV^2, the data are consistent with ν_μ ↔ ν_τ , while the data differ from the prediction for ν_μ ↔ ν_s oscillation by 2.4 standard deviations.

We estimated the total uncertainty in the up/down ratio of the data and MC to be ±2.9%, dominated by the 2.6% uncertainty in the neutrino flux caused by the absorption of muons in the mountain above the detector. All other sources of systematic uncertainty such as background contamination, the up/down response of the detector, the uncertainty of the NC cross sections, and the difference between the up/down ratio of two independent flux calculations [9,10] are less than 1%.

C. Partially Contained Sample

Next we report on the search for matter effects by using high energy partially contained events. As discussed above, matter effects impact only ν_μ ↔ ν_s oscillations, where at high energies the matter effect suppresses oscillations. Partially contained events in Super-Kamiokande are estimated to be 97% pure ν_μ charged current, with a mean neutrino energy of 10 GeV. In order to select higher energy ν_μ events, which are more sensitive to matter effects, we additionally require visible energy greater than 5 GeV. We estimate the typical energy of the parent atmospheric neutrino is 20 GeV. After cuts are made upon the current data sample we find 267 events. Figure 1(c) shows the zenith angle distribution of these events with predictions from MC, as before. Again we employ an up/down ratio to cancels systematic uncertainties, with the same angular definition as used for the multi-ring sample. There are 43 “upward” events and 84 “downward” events. Figure 1(d) shows the Δm^2 dependence of expected up/down ratio in the case of full mixing. For Δm^2 of 3.2 × 10^{−3} eV^2, the data are consistent with ν_μ ↔ ν_τ oscillation, whereas it differs from ν_μ ↔ ν_s oscillation by 2.3 standard deviations.

We estimated the total systematic uncertainty in the up/down ratio to be ±4.1%, dominated by the 3.4% uncertainty caused by the mountain above the detector and the 2.0% uncertainty caused by possible background contamination by cosmic-ray muons. All other sources of uncertainty were less than 1%.

D. Upward Through-going Muon Sample

Next we report on the search for possible matter effects by using upward through-going muon events. The approach of this analysis is similar to that for the PC events. Because the typical energy of the UTM parent neutrino is approximately 100 GeV, matter effect suppression should appear most prominently in this data set^∗ . In the current sample, we have 1259.9 events after background subtraction. Figure 1(e) shows the zenith angle distribution of these events with predictions. Again we utilize a ratio as the test parameter, dividing “vertical” and “horizontal” at cosine of zenith angle = −0.4. Figure 1(f) shows the Δm^2 dependence of the expected vertical/horizontal ratio in the case of full mixing. At the point of 3.2 × 10^{−3} eV^2, the data are consistent with ν_μ ↔ ν_τ oscillation, while ν_μ ↔ ν_s oscillation differs from the data by 2.9 standard deviations.

We estimated the total systematic uncertainty in the horizontal/vertical flux ratio to be ±3.3%, dominated by the 3% uncertainty in the π/K production ratio in the cosmic-ray interaction in the atmosphere. All other sources ofsystematic uncertainty, including the background contamination in the most horizontal bin [3], the spectral index of the neutrino flux, and the difference between two independent flux calculations [9,10] were 1% or less.

E. Combined Analysis

Finally, we performed a combined statistical analysis of the multi-ring, high energy partially contained, and upward-going muon data sets. For each sample (i = MR,PC,UTM) we construct a one degree of freedom χ^2_i defined by:

χ^2_i =

(N^A_{data} − α_iN^A_{MC} (1 +^{ϵi}_2 ))^2 (σ^A_{stat})^2 + (N^B_{data} − α_iN^B_{MC} (1 −^{ϵi}_2 ))^2 (σ^B_{stat})^2 + ϵ^2_i σ^2_{i,sys} (4) where A is respectively either up-going or vertical and B is down-going or horizontal. For the UTM sample, the calculated flux is used in place of the number of events. The parameter denoting normalization is α_i, and for each ratio we introduce a systematic uncertainty parameter ϵ_i, weighted by the estimated size of the uncertainty, σ_{i,sys}.

The three χ^2_i are summed to form a total χ^2_{tot} with three degrees of freedom. The value of χ^2_{tot} is used as a hypothesis test for the cases of ν_μ ↔ ν_τ and ν_μ ↔ ν_s oscillation. We exclude regions in the sin^2 2θ − Δm^2 plane at the 90(99)% C.L. if the value of χ^2 is greater than 6.3(11.3) for χ^2 of three degrees of freedom. Figure 2 shows separately the excluded regions for these three alternative oscillation modes, along with the allowed region from FC single ring event analysis^†. One sees that the parameters allowed by the FC data in the sin^2 2θ − Δm^2 plane are excluded at the 99% confidence level by the independent tests for both positive and negative Δm^2 sterile neutrino oscillations.

IV. SUMMARY AND CONCLUSION

In summary, we have presented three independent data samples that discriminate between the oscillations to either tau neutrinos or sterile neutrinos in the region of mixing angle and Δm^2 preferred by

∗Although stopping upward-going muons and PC events have similar parent neutrino energies, the limited zenith range of −1 < cos Θ < 0 with a relatively large uncertainty at the horizon [3] limits their usefulness and they are not considered.

†The two cases of Δm^2 > 0 and Δm^2 < 0 are treated continuously [12], using the minimum χ^2 for the νs fit which was slightly lower for the case of Δm^2 > 0, and this was used to draw the contours for both cases.

the majority of the Super-Kamiokande data. Two-flavor oscillation between muon neutrinos and sterile neutrinos fit the low energy charged current data, but do not fit the neutral current or high energy data. We cannot exclude more complicated scenarios in which both ν_μ ↔ ν_τ and ν_μ ↔ ν_s oscillations co-exist with small mixing to sterile neutrinos, or with much smaller mass difference for sterile neutrinos; yet there is nothing in this data to encourage one about the existence of sterile neutrinos. Pure ν_μ ↔ ν_τ neutrino oscillations fit all of the data samples presented, without any inconsistency.

ACKNOWLEDGMENTS

We gratefully acknowledge the cooperation of the Kamioka Mining and Smelting Company. The Super– Kamiokande experiment was built and has been operated with funding from the Japanese Ministry of Education, Science, Sports and Culture, and the United States Department of Energy. We gratefully acknowledge individual support by the National Science Foundation, and the Polish Committee for Scientific Research.

∗ Present address: Department of Physics, University of Minnesota, Duluth, MN 55812-2496, USA. † Deceased.

[1] Y. Fukuda, et al., Phys. Rev. Lett. 81, 1562 (1998).

[2] Y. Fukuda, et al., Phys. Lett. B 433, 9 (1998); Phys. Lett. B 436, 33 (1998); [3] Y. Fukuda, et al., Phys. Rev. Lett. 82, 2644 (1999); Phys. Lett. B 467, 185 (1999). [4] For a recent review, see: J. N. Bahcall, P. I. Krastev, A. Yu. Smirnov, Phys. Rev. D 58, 096016 (1998). [5] C. Athanassopoulos, et al., Phy. Rev. Lett. 81, 1774 (1998).

[6] D. Decamp, et al., Z. Phys. C 35, 1 (1992); P. Abreu, et al., Nucl. Phys. B 367, 511 (1992); B. Adeva, et al., Z. Phys. C 51, 179 (1991); G. Alexander et al., Z. Phys. C 52, 175 (1992);

[7] L. Wolfenstein Phys. Rev. D 17, 2369 (1978); V. Barger, et al., Phys. Rev. D 22, 2718 (1980); S. P. Mikheyev, and A. Yu. Smirnov, Nouvo Cim. 9C, 17 (1986); Yad. Fiz. 42, 1441 (1985); E. Akhmedov, P. Lipari, and M. Lusignolli, Phys. Lett. B 300, 128 (1993); P. Lipari and M. Lusignoli, Phys. Rev. D 58, 73005 (1998); Q. Y. Liu and A. Yu. Smirnov, Nucl. Phys. B 524, 505 (1998); Q. Y. Liu, S. P. Mikheyev, and A. Yu. Smirnov, Phys. Lett. B 440, 319 (1998).

[8] D. L. Anderson, Theory of the Earth, (Blackwell Scientific Publications, 1989). [9] M. Honda, et al., Phys. Rev. D 52, 4985 (1995). [10] V. Agrawal, et al., Phys. Rev. D 53, 1314 (1996).

[11] P. Lipari, talk presented at the XIX International Conference on Neutrino Physics and Astrophysics, Sudbury, Canada, June 16 - 21, 2000.

[12] A. de Gouvea, A. Friedland, and H. Murayama, hep-ph/0002064.

FIG. 1. (a,c,e) Zenith angle distributions of atmospheric neutrino events satisfying cuts described in the text: (a) multi-ring sample, (c) partially contained sample, and (e) upward through-going muon sample. The black dots indicate the data and statistical errors. The solid line indicates the prediction for νμ ↔ ντ , and the dashed for νμ ↔ νs, with (Δm^2, sin^2 2θ)=(3.2 × 10^{−3} eV^2,1). The two predictions are normalized by a common factor so that the number of the observed events and the predicted number of events for νμ ↔ ντ are identical. (b,d,f) Expected value of the corresponding test ratio as a function of Δm^2. The solid horizontal liness indicates the measured value from the Super-Kamiokande data with statistical uncertainty indicated by dashed lines. Black dots indicate the prediction for νμ ↔ ντ , and empty squares for νμ ↔ νs, in both cases for maximal mixing.

FIG. 2. Excluded regions for three oscillation modes. (a) νμ ↔ ντ , νμ ↔ νs with (b) Δm^2> 0 and (c) Δm^2< 0, the light(dark) gray region is excluded at 90(99)% C.L., Thin dotted(solid) line indicates the 90(99)% C.L. allowed regions from the analysis of FC single-ring events.