arXiv:1209.1870v1 [hep-ph] 10 Sep 2012

Resolving Octant Degeneracy at FNAL-LBNE using Daya Bay Reactor Experiment

Kalpana Bora, Debajyoti Dutta Physics Department, Gauhati University, Assam, India

email: kalpana@gauhati.ac.in, debajyotidutta1985@gmail.com

LBNEs (Long baseline Neutrino Oscillation Experiment) have promised to be a very powerful experimental set up to study various issues related to Neutrinos. Some of them are, to resolve mass hierarchy, CP violation in lepton sector, among others. But, they are crippled due to presence of some parameter degeneracies, like the Octant - degeneracy. A longbaseline experiment is being planned, at USA, from FNAL (Fermilab National Accelerator Laboratory) to an underground laboratory at Homestake in South Dakota, at an angle of 5.84 degrees from FNAL (at a baseline of 1289 km). In this work, we first show the presence of Octant degeneracy in FNAL-LBNE, and then combine it with Daya Bay Reactor experiment, with the help of simulation, at different values of CP violation phase. We show that the Octant degeneracy in LBNE can be resolved completely with this proposal.

1 Introduction

Neutrino Physics program has now reached at quiet a conclusive stage. Experiments like solar [1], atmospheric [2], reactor [3], and long baseline accelerator experiments [4] provide compelling evidence in support of neutrinos mass and hence its oscillation. It implies that when a flavor of neutrino, say ν_e, having energy E is produced in a weak interaction, the probability of finding a different flavor say, ν_μ, at a large distance L from the source point is non zero and the probability of finding ν_e at distance L is not equal to 1. In addition to long baseline experiments, short baseline accelerator experiments, like LSND [5][6][7][8], have also showed evidence of ν̄_μ → ν̄_e oscillation. MiniBooNE [9] in anti-neutrino mode (ν̄_μ → ν̄_e) with L/E ≈ 1 m/MeV, has found evidence of neutrino oscillation. This result was consistent with the result of LSND, which suggest that neutrinos with heavy mass is also possible. Very recently, in ref [10], bounds on the parameter Θ_{ee} especially in the low sterile oscillation region 0.01 < Δm^2_{41} < 0.05 eV^2 for some recent reactor experiments has been calculated. Again, the hint of non zero value of θ_{13} is clear from T2K [11], Double Chooz [12], RENO [13, 13(a)] and Day Bay [14, 14(a)] experiments. In ref [15], an update of the global fit of all neutrino oscillation parameters is presented.

Although results on the values of neutrino oscillation parameters θ_{12}, θ_{23},θ_{13} and △m^2_1, △m^2_3 are now known with a good precision, there are still some unknowns in neutrino sector – mass hierarchy, CP violation phase δ_{CP} , a more precise value of θ_{13} , absolute mass of neutrinos, whether neutrinos are majorana neutrinos, whether neutrinos constitute a part of Dark Matter and/or Dark Energy, etc. In this quest to find the unknowns, long baseline neutrino experiments (LBNEs) have a very impotant role to play. Long baseline experiments have a major advantage because matter effects become important, as neutrinos travel across long distances of matter. Some of the ongoing and planned LBNEs are FNAL-Homestake[16], T2K [10], MINOS [17], NOvA [18] etc. An earlier proposal of FNAL-LBNE can be found in [19]. The longest baseline neutrino oscillation experiment currently in operation is the Fermilab based Main Injector Neutrino Oscillation Search (MINOS) experiment which uses the NuMI (Neutrinos at the Main Injector) beamline from the MI (Main Injector). In LBNEs, it is possible to differentiate between normal (NMH, m^2_3 − m^2 > 0) and inverted mass hierarchy (IMH, m^2_3 − m^2 < 0) [19, 20].

If the detector mass is very high (hundreds of kilotons), then the statistics become better, and precision physics become possible. The experiments then become senesitive to precise measurement of the mixing angle θ_{13}, and still unknown CPV phase δ_{CP} . A very large detector at LBNE could be sensitive to some other studies [16, 19] like- improved search for proton decay, observation of natural source of neutrino (such as the Sun, Earth’s atmosphere, Supernova explosion etc). But still there is a major drawback of the LBNEs-the presence of parameter degeneracies [20]-[27]. The appearance of several disconnected region in multi-dimensional space of oscillation parameters for a given experiment is due to the inherent structure of three flavor neutrino oscillation probabilities. Because of these, it is not exactly possible to pin-point, which one is the exact (true) solution. These degeneracies can be classified as:

Intrinsic or (δ_{cp}, θ_{13})-degeneracy [28, 29]: Appearence of two disconnected regions in the (δ_{cp}, θ_{13}) plane for ν_μ → ν_e channel in neutrino and antineutrino mode leads to instrinsic degeneracy

Hierarchy or sign(Δm^2 )-degeneracy [30]: Appearence of two solutions corresponding to two sign of Δm^2 gives hierarchy degenerecy

Octant or (θ_{23}) -degeneracy [31]: Appearence of solutions corresponding to θ_{23} and π/2 − θ_{23} at different values of δ_{cp} and θ_{13}

. In literature, various mathods to reslove these degeneracies have been proposed:

• Combination of experiments at various baselines and/or (L/E)-values [21, 30, 32, 33]

• The use of spectral information [22, 32]

• The combination of ν_μ → ν_e and ν_e → ν_τ oscillation channels [34]

• The combination of long baseline(LBL) and reactor experiments [35, 36, 37, 38, 39]

• Combination of LBNE and atmospheric experiments [40, 41]. It is well known that, for experiments working at the oscillation maximum, the intrinsic degeneracy does not appear [21, 23]. Also, at FNAL-LBNE, mass heirearchy is resolved due to significant matter effects [16, 19, 20], hence only Octant degenracy is present in FNAL-LBNE experiment.

In this work, we first show the presence of Octant degeracy, in FNAL- LBNE setup, water Cherenkov detector, using simulation with the help of the Globes software [42]-[44]. This is done by plotting exclusion curves in the θ_{13} − δ_{CP} plane. We have done this anlysis for a running time of 3 years and 5 years. The results have been presented for different values of δ_{CP} phase = 30^∘, 60^∘, 90^∘, 120^∘, 150^∘. We show these results for a wide range of values of CP violating phase δ_{CP} , because, so far, we do not know the exact value of this parameter in leptonic sector, from experiments. Next, we combine FNAL- LBNE with Daya Bay reactor experiment, to resolve the above mentioned Octant degeneracy. We find that after combining with Daya Bay experiment, the degenerate exclusion curves disappear. It means that Octant degeneracy can be resolved for all the above said values of CPV phase δ_{CP} , with this combination. Also, the analysis becomes more precise and deterministic. This kind of analysis for FNAL-LBNE for such a wide range of δ_{CP} , has been done for the first time, and that is why results presented in this paper are very important.

The paper has been organized as follows. In Section 2, we present some experimental details of the FNAL-LBNE and the Daya Bay reactor experiment, taken from [16, 19] and [14] respectively. In section 3 we present results on the presence of Octant degeneracy, in FNAL-DUSEL setup (1300 km baseline), water Cherenkov detector, for a 120 GeV proton beam from NUMI beamline. Next, we have combined LBNE with Daya Bay reactor experiment to resolve this degeneracy in Section 4. Recently, Daya Bay collaboration have reported the 1st results of its search for the mixing angle θ_{13} [14, 14(a)]. The value of sin^22θ_{13} is reported to be 0.092(±0.017) at 5.2σ, which is a large value, and we have used this latest result in our analysis as true value.

2 Experiment Details

In this section, we present some technical details of the experiments considered in this work, just for the sake of completeness.

2.1 LBNE

The FNAL-DUSEL [16, 19] beamline that we have considered here, is pointing from NuMI (Neutrino Main Injector) to Homestake mine in South Dakota, at an angle of 0.5^∘. The baseline from FNAL to Homestake (FNAL-DUSEL) is 1298 (1300) km. The 120 GeV proton beam is from Fermi-Lab accelerator , which interacts with the target to produce muons. These muons then decay and produce muon-neutrinos. The Detector is a 300 kiloton water Cherenkov detector. Running time is 3(5) years for neutrinos and 3(5) years for antineutrinos. This beam is tuned using two parabolic NuMI horns with the target pulled out 30 cm and assuming a 250 kA horn current and 280 m long, 2 m radius decay region. The cross sections used for both are taken from GLoBES software [42]-[44]. Energy window used for the analysis is 0.5-12.0 GeV. The pre- and post smearing efficiencies, that have been used are taken from [16], which is also the spectral information. Here, bin- wise efficiencies have been used, both for the signal and the background. Energy resolution used is 10% for the electrons, and 5% for the muons. 1% systematic errors for the signal, and 5% systematic error for the background has been used.

2.2 Daya Bay

The Daya Bay [14, 14(a)] neutrino experiment works with reactor generated electron antineutrinos and uses a gadolinium (Gd) loaded liquid scintillator detector. Daya Bay is a new generation reactor with far and near detectors. Near detector is placed close to the reactor core in order to measure the unoscillated electron antineutrino events. Far detector is to be placed an optimal distance away from the reactor core to maximize θ_{13} driven electron antineutrino disappearance.

Daya bay has three pairs of reactors at Daya Bay and Ling Ao I, which generate 11.6 GW of power. Daya Bay consists of three underground experimental halls, one far and two near, linked by horizontal tunnels. Eight identical cylindrical detectors are employed to measure the neutrino flux. The mass of each detector is about 20 tons. Equal mass of near and far detector will reduce the systematic errors. Four of these eight detectors are at the far zone while two detectors are kept in each near zone. The distance of the detectors from the reactor cores at the Daya Bay site is 363 m while this distance at the Ling Ao site is 481 m. The far detectors are at 1985 m and 1615 m respectively from the Daya Bay and Ling Ao reactor sites. Energy resolution used is 5%. In this work, we have used only two pairs of reactors, but we have cheked that using three pairs also does not cause any significant change in the conclusions presented here.

3 Octant degeneracy, and its Resolution in FNAL- LBNE

Using above details of FNAL-LBNE experiments, we have produced exclusion curves in the θ_{13} − δ_{CP} plane. The best fit values of oscillation parameters are taken from [15]. The values used are -

sin^2θ_{12} = 0.307

sin^2θ_{23} = 0.398

sin^2θ_{13} = 0.025

Δm^2_1 = 7.54 × 10^{−5}eV^2

Δm^2_{31} = 2.43 × 10^{−3}eV^2

In figure 1, we have shown allowed regions in δ_{CP} − θ_{13} plane, for FNAL-LBNE , for a running time of 3 years, for δ_{cp} =30, 60, 90, 120 and 150 degrees, at 90% CL. In the plots we abbreviated true hierarcy- true octant as THTO, true hierarcy- wrong octant as THWO, wrong hierarcy- true octant as WHTO and wrong hierarcy- wrong octant as WHWO. In Figure 2, we have shown same results for a running time of 5 years. Next, we combine these with Daya Bay reactor experiment, using simulation, in figure 3 and figure 4. We present the analysis of these results in next Section.

4 Analysis of Results

From these figures, following observations are in order :

1. In all of these figures, THTO and THWO curves are present, while wrong hierarchy curves are absent. It means that, hierarchy has already been resolved at FNAL-LBNE, even for a running time of 3 years. Also, we observe that Octant degeneracy is present, since we get two allowed regions for THTO and THWO. It may be noted that the regions inside the contours are the allowed regions of the neutrino oscillation parameters θ_{13} and δ_{CP} .

2. As the running time increases, allowed regions decrease in size, due to better statistics. That means, it becomes easier to pinpoint the true value of the neutrino oscillation parameters.

3. It can be seen that THTO and THWO curves occur nearly at same vale of δ_{cp}, which affects the measurement of sin^22θ_{13}, but δ_{cp} measurement is not affected. It means that we can pinpoint the value of δ_{cp} even in the presence of octant degeneracy, while the value of θ_{13} cannot be pinpointed.

Figure 1: Exclusion curves in δ_{CP} − θ_{13} plane for FNAL-LBNE only, at sin^22θ_{13} = 0.092 with δ_{cp} =30, 60, 90, 120 and 150 degrees for 3 years running time

Figure 2: Exclusion curves in δ_{CP} − θ_{13} plane for FNAL-LBNE only, at sin^22θ_{13} = 0.092 with δ_{cp} =30, 60, 90, 120 and 150 degrees for 5 years running time

4. In figures 3 and 4, we see that THWO curves disappear, i.e., the Octant degeneracy has been resolved completely, after combining with Daya Bay experiment. Also we find that the size of the allowed regions decrease as compared to Figs 1 and 2, i.e. the measurements of the neutrino oscillation parameters θ_{13} and δ_{CP} become more deterministic. In our opinion, this resolution of Octant degeneracy is because of the fact that, the difference in the values of sin^22θ_{13}, for the true and Octant degenerate curves, is more than the sensitivity of the Daya Bay reactor experiment. And therefore, the reacor data can pick up the true value.

5. We also note that in Figs 3 and 4, the size of the exclusion curves become smaller as compared to those in Figs 1and 2, therefore we have shown exclusion curves at 3σ CL also in the former. It may be noted that in

Figure 3: Exclusion curves in δ_{CP} − θ_{13} plane for FNAL-LBNE combined with Daya Bay, at sin^22θ_{13} = 0.092 with δ_{cp} =30, 60, 90, 120 and 150 degrees for 3 years running time

Figs 1 and 2, their size at 3σ was bigger, and hence we have not shown them there. It implies that, when we combine FNAL-LBNE with Daya Bay reactor experiment, the precision increases.

5 Discussion and Conclusion

To conclude, in this work, we have presented new results on resolution of Octant degeneracy in FNAL-LBNE setup. At first, we showed the presence of Octant degeneracy in FNAL-LBNE, for water Cherenkov detector. We have used latest global fit values of neutrino oscillation parameters in our analysis here. It is observed that LBNE contours in δ_{CP} − θ_{13} plane possess Octant degeneracy as Both THTO and THWO plots are present. These occur nearly at same value

Figure 4: Exclusion curves in δ_{CP} − θ_{13} plane for FNAL-LBNE combined with Daya Bay, at sin^22θ_{13} = 0.092 with δ_{cp} =30, 60, 90,120 and 150 degrees for 5 years running time

of δ_{cp} but at different values of θ_{13}, which in turn affects the measurement of sin^22θ_{13}, but δ_{cp} measurement is not affected. It implies that we can pinpoint the value of δ_{cp} even in the presence of Octant degeneracy, while the value of θ_{13} cannot be pinpointed. Next, we combined it with Daya Bay Reactor experiment. The Octant degeneracy is resolved after combining FNAL-LBNE with Daya Bay reactor experiment, since only THTO plots are present in this case. Also, with increase of running time, and after combining with Reactor experiment, measurements become more precise and deterministic. We have predicted and presented these results for a wide range of values of δ_{CP} = 30, 60, 90, 120, 150 degrees. Since Octant degeneracy poses a major hurdle to precise measurement of neutrino oscillation parameters at long baseline neutrino experiments, results presented in this work are extremely important and relevant.

Acknowledgement

KB would like to thank Raj Gandhi, Pomita Ghoshal, S. Uma Sankar and Sushant Raut for many fruitful discussions, at various stages of this work. She also thanks Patrick Huber and Walter Winter for dicussion on GLoBES over email (during 2009 and 2010). She also would like to thank UGC-SAP program, and HRI (Harish Chandra Research Institute), Allahabad, for financial support, to visit HRI. Thanks are also due to TIFR (Tata Institute for Fundamental Research), Mumbai, for finacial assistance to visit TIFR. Parts of this work have been carried out at HRI, Allahabad, and TIFR, Mumbai. DD would like to thank HRI, Allahbad for financial support to visit the Institute.

References

[1] S.N. Ahmed et. al. (SNO), Phys. Rev. Lett 92, 181301 (2004), nucl-ex/0309004; S. Fukuda et. al.,(Super- Kamiokande), Phys. Lett B539, 179 (2002), hep-ex/0205075; B. T. Cleveland et. al., Astrpphysics. J. 496, 505 (1998); J. N. Abdurashitov et. al., (SAGE), J. Exp. Theor. Phys., 95, 181 (2002); M. Altmann et. al., Phys. Lett B490, 16 (2000). (solar)

[2] Y. Fukuda et. al., (Super-Kamiokande), Phys. Rev. Lett. 81, 1562 (1998) hep-ex/9807003; M. Sancez et. al. (Soudan 2), Phys. Rev. D68, 113004 (2003), hep-ex/0307069; M. Ambrosio et. al. (MACRO), Eur. Phys. J. C36, 323 (2004). (atmospheric)

[3] T. Araki et. al., (Kamland) (2004) hep-ex/0406035; M. Apollonio et. al.

(CHOOZ), Eur. Phys. J. C27, 331 (2003), hep-ex/0301017; F. Boehm et. al. (Palo Verde), Phys. Rev. D64, 112001 (2001), hep-ex/0107009. (reactor)

[4] V. D. Barger, S. Geer, R. Raja and K. Whisnant, Phys. Lett. B 485, 379 (2000) [arXiv:hep-ph/0004208]; A. Cervera, A. Donini, M. B. Gavela, J. J. Gomez Cadenas, P. Her- nandez, O. Mena and S. Rigolin, Nucl. Phys. B 579, 17 (2000) [Erratum-ibid. B 593, 731 (2001)] [arXiv:hep-ph/0002108]; H. Minakata and H. Nunokawa, JHEP 0110, 001 (2001) [arXiv:hep-ph/0108085]. P. Huber, M. Lindner and W. Winter, Nucl. Phys. B 645, 3 (2002) [arXiv:hep-ph/0204352]; V. Barger, D. Marfatia and K. Whisnant, Phys. Rev. D 65, 073023 (2002) [arXiv:hep-ph/0112119]; H. Minakata, H. Nunokawa and S. J. Parke, Phys. Rev. D 68, 013010 (2003) [arXiv:hep-ph/0301210]; O. Mena and S. J. Parke, Phys. Rev. D 70, 093011 (2004) [arXiv:hep-ph/0408070]; O. Mena Requejo, S. Palomares-Ruiz and S. Pascoli, Phys. Rev. D 72, 053002 (2005) [arXiv:hep-ph/0504015]. M. Ishitsuka, T. Kajita, H. Minakata and H. Nunokawa, Phys. Rev. D 72, 033003 (2005) [arXiv:hep-ph/0504026]

[5] C. Athanassopoulos et al. (LSND), Phys. Rev. Lett. 75,2650 (1995), nucl-ex/9504002.

[6] C. Athanassopoulos et al. (LSND), Phys. Rev. Lett. 75,2650 (1995), nucl-ex/9504002.

[7] C. Athanassopoulos et al. (LSND), Phys. Rev. C58, 2489(1998), nucl-ex/9706006.

[8] A. Aguilar et al. (LSND), Phys. Rev. D64, 112007(2001), hep-ex/0104049. [9] MiniBooNE, A. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 105, 181801 (2010), arXiv:1007.1150.

[10] K. Bora, D. Dutta, P. Ghoshal, arXiv:1206.2172.

[11] Y. Itow et al., arXiv:hep-ex/0106019. For an updated version, see http://neutrino.kek.jp/jhfnu/loi/loi.v2.030528.pdf [12] F. Ardellier and I. Barabanov, Euro Phys J. C27, (2003) 331374, arXiv:hep-ex/0606025.

[13] J. K. Ahn, S. R. Baek, S. Choi, arXiv:hep-ph/1003.1391. [13(a)] Soo-Bong Kim (RENO collaboration), arXiv:1204.0626. [14] X. H. Guo et. al., (Daya Bay proposal), arXiv:hep-ex/0701029. [14(a)] F. P. An et. al. (Daya Bay), hep-ex/1203.1669. [15] D. V. Forero, M. Tartola, and J. W. F. Valle, arXiv:1205.4018. [16] T. Akiri, et. al. , arXiv:1110.6249.

[17] P. Adamson et. al. (MINOS), hep-ex/1006.0996; P. Vahle (MINOS) Talk at Neutrino 2010 Conference, Athens, 2010; P. Adamson et. al., (MINOS), hep-ex/1103.0340.

[18] D. S. Ayres et. al., (NOvA) hep-ex/0503053; Olga Mena, hep-ph/0609031. [19] V. Barger et. al., hep-ph/0705.4396. [20] K. Bora, JASS, (vol. etc to put) arXiv:1111.7085 [21] V. Barger, D. Marfatia, K. Whisnant, Phs. Rev D65, 073023 (2002), hep-ph/0112119.

[22] M. Freund, P. Huber, M. Lindner, Nucl. Phys B615, 331 (2001), hep-ph/0105071 [23] P. Huber, M. Lindner, W. Winter, Nucl. Phys. B645, 3 (2002), hep-ph/0204352.

[24] A. Donini, D. Meloni, S. Rigolin, JHEP 06, 011 (2004), hep-ph/0312072. [25] M. Aoki, K. Hagiwara, N. Okamura, hep-ph/0311324 (2003)

[26] O. Yasuda, New J. Phys. 6, 83 (2004), hep-ph/0405005. [27] H. Minakata, H. Nunokawa, S.J Parke, Phys. Rev. D66, 093012 (2002), hep-ph/0208163.

[28] M. Koike, T. Ota, J. Sato, Phys. Rev D65, 053015 (2002), hep-ph/0011387. [29] J. Burguet-Castell et. al, Nucl. Phys. B608, 301 (2001), hep-ph/0103258. [30] H. Minakata and H. Nunokawa, JHEP 10, 001 (2001), hep-ph/0108085. [31] G. L. Fogli, E. Lisi, Phys. Rev D54, 3667 (1996), hep-ph/9604415. [32] J. Burguet-Castell et. al., Nucl. Phys. B695, 217 (2004), hep-ph/0312068. [33] T. Kajita et. al., hep-ph/0609286.

[34] A. Donini, D. Meloni, P. Migliozzi, Nucl. Phys. B646, 321 (2002), hep-ph/0206034; D. Autiero et. al., Eur. Phys. J. C33, 243 (2004), hep-ph/0305185.

[35] H. Minakata and H. Sugiyama, Phys. Lett. B580, 216 (2004), hep-ph/0309323.

[36] P. Huber et. al., Phys. Rev D70, 073014 (2004), hep-ph/0403068. [37] P. Huber et. al., Nucl. Phys. B665, 487 (2003), hep-ph/0303232. [38] H. Minakata et. al., Phys. Rev. D68, 033017 (2003), hep-ph/0211111. [39] K. B. McConnel and M. H. Shaevitz (2004), hep-ph/0409028. [40] P. Huber, M. Maltoni, T. Schwetz, hep-ph/0501037. [41] J.-E. Campagne et. al., hep-ph/0603172.

[42] P. Huber, M. Lindner, T. Schwetz and W. Winter, arXiv:hep-ph/0907.1896. [43] P. Huber, M. Lindner, and W. Winter, Comput. Phys. Commun. 167, (2005) 195 , arXiv:hep-ph/0407333.

[44] F. Ardellier et al., arXiv:hep-ex/0405032.