arXiv:hep-ph/0212129 v2 7 Feb 2003

Combining first KamLAND results with solar neutrino data

M. Maltoni,^{1, ∗} T. Schwetz,^{2, †} and J. W. F. Valle^{1, ‡} 1AHEP Group, Instituto de Física Corpuscular – C.S.I.C./Universitat de València Edificio de Institutos de Paterna, Apartado 22085, E–46071 València, Spain 2Theoretische Physik, Physik Department, Technische Universität München, James–Franck–Strasse, D–85748 Garching, Germany

We consider the impact of the recent KamLAND data on neutrino oscillations, the first terrestrial neutrino experiment that can probe the solar neutrino anomaly. By combining the first 145.1 days of KamLAND data with the full sample of latest solar neutrino data we find an enhanced rejection against non-LMA oscillations, allowed only at more than 4σ with respect to LMA. Furthermore, the new data have a strong impact in narrowing down the allowed range of Δm^2 inside the LMA region. In contrast, our global analysis indicates that the new data have little impact on the location of the best fit point. In particular the solar neutrino mixing remains significantly non-maximal (3σ).

I. INTRODUCTION

In a recent paper the first results of the KamLAND collaboration became public [1]. These data contain precious information on the neutrino oscillation hypothesis which has been advocated to account for a number of neutrino experiments involving solar and atmospheric neutrinos and which indicate that neutrinos are massive and that neutrino flavor mixing occurs [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. The Kam- LAND experiment is a reactor neutrino experiment with its detector located at the Kamiokande site. Most of the ν̄_e flux incident at KamLAND comes from plants at distances of 80 − 350 km from the detector, making the average baseline of about 180 kilometers, long enough to provide a sensitive probe of the LMA solution of the solar neutrino problem [14, 15, 16]. The Kam- LAND collaboration has for the first time measured the disappearance of neutrinos traveling to a detector from a power reactor. They observe a strong evidence for the disappearance of neutrinos during their flight over such distances, giving the first terrestrial confirmation of the solar neutrino anomaly and also establishing the oscillation hypothesis with man-produced neutrinos. Moreover the parameters that describe this disappearance in terms of the oscillations of the electron neutrino type to another, are consistent with latest pre-KamLAND determinations [17, 18, 19, 20, 21, 22, 23] of solar neutrino parameters.

In this note we analyze the implications of these fundamental results by combining the KamLAND data with data from solar neutrino experiments. We will assume CPT conservation and for simplicity we consider a twoflavor massive neutrino oscillation framework. In Sec. II we analyze the impact of the KamLAND results by including the full information on the spectral distribution of the observed events. Subsequently, in Sec. III we per-

∗Electronic address: maltoni@ific.uv.es †Electronic address: schwetz@ph.tum.de ‡Electronic address: valle@ific.uv.es

form a global fit that combines the full KamLAND and Chooz reactor data sample [24] with the full solar neutrino data as included in Ref. [17]. In Sec. IV we check the stability of the results with respect to changes in the statistical analysis, and we summarize in Sec. V.

II. SIMULATION AND ANALYSIS OF KAMLAND DATA

In KamLAND the target for the ν̄_e flux consists of a spherical transparent balloon filled with 1000 tons of nondoped liquid scintillator. The anti-neutrinos are detected via the inverse neutron β-decay

ν̄_e + p → e^+ + n . (1)

In Fig. 5 of Ref. [1] the spectral data are given in 13 bins of prompt energy above 2.6 MeV. To simulate the KamLAND data we calculate the expected number of events in each bin for given oscillation parameters as

N^{th}_i (Δm^2, θ) = f ∫ dE_ν σ(E_ν )× ∑ j ϕ_j(E_ν )P_j(E_ν, Δm^2, θ) ∫ i dE_e R(E_e, E^′_e) . (2)

Here R(E_e, E^′_e) is the energy resolution function and E_e, E^′_e are the observed and the true positron energy, respectively, and we use an energy resolution of 7.5%/ √ E(MeV) [1]. The neutrino energy is related to the positron energy by E_ν = E^′_e + Δ, where Δ is the neutron-proton mass difference. The integration interval over E_e is determined by the prompt energy interval in each bin. The neutrino spectrum ϕ(E_ν ) from nuclear reactors is well known, we are using the phenomenological parameterization given in Refs. [25, 26]. We adopt the average fuel composition for the nuclear reactors given in Ref. [1]. Note that possible effects due to time variations in the fuel composition have been shown to be small [26]. The sum over j in Eq. (2) runs over 16 nuclear plants, taking into account the different distances from the detector and the power output of each reactor (see Table 3

Figure 1: Allowed regions at 90%, 95%, 99% and 99.73% C.L. (2 d.o.f.) and best fit point from KamLAND spectral data. The colored regions and the star are obtained by using the χ^2 of Eq. (4) based on the Gaussian approximation, the hollow regions and the dot correspond to the χ^2 of Eq. (11) implied by Poisson–distributed data.

of Ref. [27]). The relevant detection cross section σ(E_ν ) is given in Ref. [28]. In the 2-neutrino framework the survival probability for the neutrinos coming from the reactor j is given by

P_j(E_ν , Δm^2, θ) = 1 − sin^2 2θ sin^2

Δm^2L_j 4E_ν . (3)

The normalization factor f in Eq. (2) is determined in such a way that for the case of no oscillations we obtain a total number of events of 86.8, as expected from the Monte-Carlo simulation used in Ref. [1].

For the statistical analysis we use the χ^2-function

χ^2 = ∑ i,j (N^{th}_i − N^{obs}_i )S^{−1}_{ij} (N^{th}_j − N^{obs}_j ) . (4)

The observed number of events N^{obs}_j in each bin can be read off from Fig. 5 of Ref. [1]. In the covariance matrix S we include the experimental error in each bin σ_i (obtained from the same figure), which we assume to be uncorrelated, and the systematic error σ_{syst} = 0.0642 [1] implied by the uncertainty on the total number of events expected for no oscillations:

S_{ij} = σ^2_i δ_{ij} + σ^2_{syst}N^{th}_i N^{th}_j . (5)

This χ^2 definition assumes Gaussian distribution of the data. For the discussion of an alternative analysis based on poisson distributed data see Sec. IV.

Figure 2: Allowed regions at 90%, 95%, 99% and 99.73% C.L. (2 d.o.f.) from the combined analysis of solar, Chooz and KamLAND data. The hollow lines are the allowed regions from solar and Chooz data alone. The star (dot) is the best fit point from the combined (solar+Chooz only) analysis.

III. RESULTS AND DISCUSSION

Our results are summarized in Figs. 1, 2 and 3. In Fig. 1 we show the allowed regions of the oscillation parameters obtained from our re-analysis of the KamLAND data. It is in good agreement with the analysis performed by the KamLAND group, shown in Fig. 6 of Ref. [1]. This gives us confidence on our simulation of the Kam- LAND data and therefore encourages us to use it in a full analysis combining also with the solar data sample. Figs. 2 and 3 show the corresponding results obtained in a combined fit of the full KamLAND data sample with the global sample of solar neutrino data, as well as the Chooz result. The solar data we are using and the details of our solar neutrino analysis are given in Ref. [17].

First of all, we have quantified the rejection of non- LMA solutions and found that it is now more robust. For example, for the LOW solution we have Δχ^2_{LOW–LMA} = 26.9, which for 2 d.o.f. (Δm^2 and θ) corresponds to a relative probability of 1.4 × 10^{−6}, assuming Gaussian errors. A similar result is also found for the VAC solution. Apart from selecting out LMA as the unique solution of the solar neutrino problem we find, however, that the new reactor results have little impact on the location of the best fit point:

tan^2 θ = 0.46, Δm^2 = 6.9 × 10^{−5} eV^2. (6)

In particular the solar neutrino mixing remains significantly non-maximal, a point which is rather important for model-building. Indeed bi-maximal mixing models

Figure 3: Δχ^2 versus Δm^2 and tan^2 θ. The red dashed line refers to KamLAND alone. The green dot-dashed line corresponds to the full reactor data sample, including both KamLAND and Chooz. The blue solid line refers to the global analysis of the complete solar and reactor data.

are disfavored [29] while models where the solar mixing can be non-maximal [30] are preferred, as before. This is not in contradiction with the fact that KamLAND data alone prefer maximal mixing [1], since such preference has no statistical significance. Indeed, one can see from the right panel in Fig. 3 that Δχ^2 is rather flat with respect to the mixing angle for tan^2 θ ≳ 0.4. This explains why the addition of the KamLAND data has no impact whatsoever in the determination of the solar neutrino oscillation mixing. The allowed 3σ region we find for θ is:

0.29 ≤ tan^2 θ ≤ 0.86, (7)

practically identical to the pre-KamLAND range given in Eq. (4) of Ref. [17].

On the other hand, the new data do have a strong impact in narrowing down the allowed range of Δm^2. From the left panel of Fig. 3 one can read off that KamLAND data alone provides the bound Δm^2 > 8 × 10^{−6} eV^2, whereas the CHOOZ experiment gives Δm^2 < 10^{−3} eV^2, both at 3σ. Hence, global reactor neutrino data provide a robust allowed interval for Δm^2, based only on terrestrial experiments using artificial neutrino sources. However, combining this information from reactors with the solar neutrino data leads to a significant reduction of the allowed range: As clearly visible in Fig. 2, the original LMA region is now split into two sub-regions. From Fig. 3 we obtain at 3σ (1 d.o.f.)

5.1 × 10^{−5} eV^2 ≤ Δm^2 ≤ 9.7 × 10^{−5} eV^2, (8)

1.2 × 10^{−4} eV^2 ≤ Δm^2 ≤ 1.9 × 10^{−4} eV^2. (9)

The local minimum in the region (9) occurs for

tan^2 θ = 0.42, Δm^2 = 1.4 × 10^{−4} eV^2 (10) with a Δχ^2 = 4.5 with respect to the best fit point given in Eq. (6). This ambiguity might be resolved when more KamLAND data have been collected (see e.g. Refs. [26, 31, 32]).

IV. STABILITY OF THE STATISTICAL ANALYSIS

The current KamLAND data sample consists of 54 anti-neutrino events, which are distributed over the 13 energy bins. This leads to rather small numbers of events in each bin. The 5 bins with highest energies contain no event at all. In such a case the use of a χ^2-function based on Poisson statistics might be appropriate. In order to check the stability of our results we have performed also an analysis by using [33]

χ^2 = 2 ∑ i [ αN^{th}_i − N^{obs}_i + N^{obs}_i ln ( N^{obs}_i αN^{th}_i )] + ( 1 − α σ_{syst}

)_2

(11) where the term containing the logarithm is absent in bins with no events. We minimize with respect to α in order to take into account the overall uncertainty of the theoretical predictions.

The analysis of KamLAND data using Eq. (11) is shown in Fig. 1 as the hollow lines. We observe that this analysis is somewhat less constraining compared to the analysis based on the Gaussian χ^2 of Eq. (4). One notices that smaller values of the mixing angle are allowed, especially at high convidence level. Let us note, however, that the allowed regions from the Gaussian analysis are in better agreement with the analysis done by the Kam-

Figure 4: As Fig. 2, but using for the analysis of KamLAND data the χ^2 of Eq. (11) implied by Poisson distributed data

LAND group. This is the reason why we prefer to use this method for analyzing KamLAND data. The better agreement with the original KamLAND analysis might be related to the fact that the inclusion of the information on the experimental errors provided by the KamLAND collaboration in Fig. 5 of Ref. [1] can only be included by means of a Gaussian χ^2-function, as in Eq. (4). In this way it is possible to take into account the asymmetric errors and the error bars in bins where the number of events is zero.

However, we note that the determination of Δm^2 is rather stable, only the constraint on the mixing angle is somehow affected. Since the bound on the mixing angle in the combined analysis is dominated by solar data, we expect the difference between the two methods to be small after combining KamLAND with solar data. The results of this exercise are shown in Fig. 4. Comparing this figure with Fig. 2 we find indeed, that the result is very similar. The location of the best fit point and the 90%, 95% and 99% C.L. regions around the best fit point are nearly identical. However, the local minimum does not appear at the 90% C.L., though its location is, again, very stable. Some small differences are visible for the 99.73% C.L. contour.

To summarize, although there are some notable differences between the allowed regions obtained by assuming Gaussian or Poisson χ^2-functions for the KamLAND data taken alone, the differences are very small when combined with solar data. This illustrates the robustness of our results against variations in the statistical analysis.

V. CONCLUSIONS

We find that among all previous oscillation solutions to the solar neutrino anomaly, the new reactor results from the KamLAND experiment single out the LMA solution, rejecting all other oscillation solutions at a significant level. Furthermore, we find that already these first 145.1 days of KamLAND data lead to a significant improvement in narrowing down the allowed range of Δm^2 when combined with solar neutrino data. The original LMA region now is split into two relatively narrow islands around the values of Δm^2 = 6.9 × 10^{−5} eV^2 (best fit point) and Δm^2 = 1.4 × 10^{−4} eV^2 (local minimum). However, our full analysis indicates that the new data have little impact on the determination of the mixing angle. In particular the solar neutrino mixing remains significantly non-maximal (3σ).

Before closing, let us note that we have considered here only the simplest case of two neutrinos. Analyzing in detail the impact of the KamLAND results on three-neutrino oscillation scenarios [34] and the resulting constraints is beyond the scope of this short note. The improved determination of Δm^2 can also play an interesting role in probing fine details of solar physics [35], matter effects [36], probing electro-magnetic neutrino properties [37] (see also [38]) or testing CPT invariance in the neutrino sector [39]. Similarly, the nailing down of LMA as the solution has also implications for non-oscillation solutions to the neutrino anomaly [40] in terms of spinflavor precession [41, 42], non-standard interactions [43] or neutrino decay [44]. Clearly none can now be the leading explanation to the solar neutrino anomaly [45], although a detailed evaluation must be performed to decide, in each case, to what extent these solutions are now rejected.

Acknowledgments

This work was supported by Spanish grant BFM2002- 00345, by the European Commission RTN grant HPRN- CT-2000-00148, by the ESF Neutrino Astrophysics Network and by the Sonderforschungsbereich 375-95 für Astro-Teilchenphysik der Deutschen Forschungsgemeinschaft (T.S.). M.M. is supported by the Marie Curie contract HPMF-CT-2000-01008.

[1] K. Eguchi et al. [KamLAND Collaboration], Phys.

Rev. Lett. 90 (2003) 021802 [arXiv:hep-ex/0212021].

http://www.awa.tohoku.ac.jp/html/KamLAND/

[2] S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 86, 5651 (2001) [arXiv:hep-ex/0103032].

[3] S. Fukuda et al. [Super-Kamiokande Collaboration],

Phys. Lett. B 539, 179 (2002) [arXiv:hep-ex/0205075]. [4] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1158 (1998) [Erratum-ibid. 81, 4279 (1998)] [arXiv:hep-ex/9805021].

[5] Y. Fukuda et al. [Super-Kamiokande Collaboration], Super-Kamiokande,” Phys. Rev. Lett. 82, 1810 (1999) [arXiv:hep-ex/9812009].

[6] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998). [7] R. Davis, Prog. Part. Nucl. Phys. 32, 13 (1994). [8] J. N. Abdurashitov et al. [SAGE Collaboration], Phys.

Rev. C 60, 055801 (1999) [arXiv:astro-ph/9907113]. [9] W. Hampel et al. [GALLEX Collaboration], Phys. Lett.

B 447, 127 (1999).

[10] M. Altmann et al. [GNO Collaboration], Phys. Lett. B 490, 16 (2000) [arXiv:hep-ex/0006034].

[11] C. M. Cattadori [GNO Collaboration], Nucl. Phys. Proc.

Suppl. 110, 311 (2002).

[12] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett.

87, 071301 (2001) [arXiv:nucl-ex/0106015]; Phys. Rev. Lett. 89, 011301 (2002) [arXiv:nucl-ex/0204008]; Phys. Rev. Lett. 89, 011302 (2002) [arXiv:nucl-ex/0204009].

[13] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998) [arXiv:hep-ex/9807003].

[14] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978); ibid. 20, 2634 (1979); S.P. Mikheyev and A.Yu. Smirnov, Yad. Fiz. 42, 1441 (1985) [Sov. J. Nucl. Phys. 42, 913 (1985)].

[15] J. N. Bahcall, P. I. Krastev and A. Y. Smirnov, Phys.

Rev. D 60, 093001 (1999) [arXiv:hep-ph/9905220]. [16] M. C. Gonzalez-Garcia, P. C. de Holanda, C. Pena- Garay and J. W. Valle, Nucl. Phys. B 573, 3 (2000) [arXiv:hep-ph/9906469].

[17] M. Maltoni, T. Schwetz, M. A. Tortola and J. W. Valle, Phys. Rev. D 67 (2003) 013011 [arXiv:hep-ph/0207227].

[18] J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay, JHEP 0207, 054 (2002) [arXiv:hep-ph/0204314].

[19] A. Bandyopadhyay, S. Choubey, S. Goswami and D. P. Roy, Phys. Lett. B 540, 14 (2002) [arXiv:hep-ph/0204286].

[20] V. Barger, D. Marfatia, K. Whisnant and B. P. Wood, Phys. Lett. B 537, 179 (2002) [arXiv:hep-ph/0204253].

[21] P. C. de Holanda and A. Y. Smirnov, arXiv:hep-ph/0205241.

[22] P. Creminelli, G. Signorelli and A. Strumia, JHEP 0105, 052 (2001) [arXiv:hep-ph/0102234].

[23] G. L. Fogli, E. Lisi, A. Marrone, D. Montanino and A. Palazzo, Phys. Rev. D 66, 053010 (2002) [arXiv:hep-ph/0206162].

[24] M. Apollonio et al. [CHOOZ Collaboration], Phys.

Lett. B 466, 415 (1999) [arXiv:hep-ex/9907037]; F. Boehm et al., Phys. Rev. D 64, 112001 (2001)

[arXiv:hep-ex/0107009].

[25] P. Vogel and J. Engel, Phys. Rev. D 39, 3378 (1989). [26] H. Murayama and A. Pierce, Phys. Rev. D 65, 013012 (2002) [arXiv:hep-ph/0012075].

[27] J. Busenitz et al., 1999, Proposal for US Participation in KamLAND; The KamLAND proposal, Stanford-HEP- 98-03; A. Piepke, talk at Neutrino-2000, XIXth International Conference on Neutrino Physics and Astrophysics, Sudbury, Canada, June 2000.

[28] P. Vogel and J. F. Beacom, Phys. Rev. D 60, 053003 (1999) [arXiv:hep-ph/9903554].

[29] P. H. Chankowski et al., Phys. Rev. Lett. 86 (2001) 3488 [arXiv:hep-ph/0011150].

[30] K. S. Babu, E. Ma and J. W. Valle, Phys. Lett. B 552 (2003) 207 [arXiv:hep-ph/0206292].

[31] A. de Gouvea and C. Pena-Garay, Phys. Rev. D 64, 113011 (2001) [arXiv:hep-ph/0107186].

[32] V. D. Barger, D. Marfatia and B. P. Wood, Phys. Lett.

B 498, 53 (2001) [arXiv:hep-ph/0011251].

[33] K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002). [34] M. C. Gonzalez-Garcia, M. Maltoni, C. Pena-Garay and J. W. Valle, Phys. Rev. D 63, 033005 (2001) [arXiv:hep-ph/0009350].

[35] C. Burgess et al., arXiv:hep-ph/0209094.

[36] G. L. Fogli, E. Lisi, A. Palazzo and A. M. Rotunno, arXiv:hep-ph/0211414.

[37] W. Grimus et al., Nucl. Phys. B 648, 376 (2003) [arXiv:hep-ph/0208132].

[38] E. K. Akhmedov and J. Pulido, Phys. Lett. B 553, 7 (2003) [arXiv:hep-ph/0209192]; P. Aliani et al., arXiv:hep-ph/0208089.

[39] J. N. Bahcall, V. Barger and D. Marfatia, Phys. Lett. B 534, 120 (2002) [arXiv:hep-ph/0201211].

[40] J. W. Valle, “Standard and non-standard neutrino properties,” Invited talk at 20th International Conference on Neutrino Physics and Astrophysics (Neutrino 2002), Munich, Germany, 25-30 May 2002, arXiv:hep-ph/0209047.

[41] J. Barranco et al., Phys. Rev. D 66, 093009 (2002) [arXiv:hep-ph/0207326];

[42] A. Friedland and A. Gruzinov, arXiv:hep-ph/0202095. [43] M. Guzzo et al., Nucl. Phys. B 629, 479 (2002) [arXiv:hep-ph/0112310].

[44] A. Bandyopadhyay et al., Phys. Rev. D 63, 113019 (2001) [arXiv:hep-ph/0101273]; A.S. Joshipura et al., Phys. Rev. D 66, 113008 (2002) [arXiv:hep-ph/0203181].

[45] For a recent review see S. Pakvasa and J. W. Valle, “Neutrino properties before and after KamLAND,” Invited contribution to the INSA special issue on Neutrinos, arXiv:hep-ph/0301061.