arXiv:1209.0215v2 [hep-ph] 28 Jan 2013

Discovering CP violation in neutrino oscillation experiment using neutrino beam from electron capture

Zini Rahman^{1, ∗} and Rathin Adhikari^{1, †}

1Centre for Theoretical Physics, Jamia Millia Islamia (Central University), Jamia Nagar, New Delhi-110025, INDIA

Using a neutrino beam from electron capture process for isotope^{110}_{50} Sn and considering two baselines - 130 Km and 250 Km, we have shown the discovery reach of CP violation in neutrino oscillation experiment. In our analysis the current value of θ13 obtained from Daya Bay experiment has been considered. We have used Water Cherenkov detector. We find that even at 5σ confidence level CP violation could be found for about 91%(93%) of the possible δ values for normal (inverted) hierarchy for a baseline of 130 km with boost factor γ = 440 in contrast to about 59%(57%) of the possible δ values for 130 Km (CERN to Fréjus) baseline using superbeam for both neutrino and anti-neutrino sources. We have also discussed these for baseline of 250 Km with γ = 950 for neutrino beam from electron capture. Measurement of any δ(true) is found to be better for both 130 Km and 250 Km using neutrino beam from electron capture process than that for 130 Km baseline using superbeam.

∗ zini@ctp-jamia.res.in † rathin@ctp-jamia.res.in

I. INTRODUCTION

Neutrino oscillation probability depends on various oscillation parameters present in the mixing matrix - the PMNS matrix [1] and the neutrino mass squared differences. Two of the angles θ_{12} and θ_{23} have been known with certain accuracy. Furthermore, recently sin^2 2θ_{13} corresponding to the third mixing angle have been predicted with 5σ accuracy by DAYA-BAY experiments[2]. The mass squared differences - |Δm^2_{31}| and Δm^2_1 is known but the sign of Δm^2_{31} and as such the hierarchy (whether it is normal (NH) or inverted (IH)) of neutrino masses is still unknown. Also the CP violating phase δ is still unknown. Hence presently, the neutrino oscillation experiments mainly focuses on finding out the CP violating phase and in determining the hierarchy. Various neutrino oscillation experiments like superbeam, neutrino factory, beta beams and reactor experiments are focussing on determining these unknown parameters to complete the picture of neutrino oscillations.

In order to determine these unknown parameters another option of using a neutrino beam with neutrinos emitted from an electron capture is proposed in recent years [3–9]. Such beam can be produced using an accelerated nuclei that decay by electron capture . Electron capture can be defined as a process in which an electron is captured by a proton releasing a neutron and an electron neutrino. In the rest frame of the mother nuclei the electron neutrino that is released from such process, has a definite energy Q. Since the idea of using a neutrino beam emitted from an electron capture process is based on the acceleration and storage of radioactive isotopes that decays to daughter nuclei, one may get the suitable neutrino energy by acelerating the mother nuclei with suitable Lorentz boost factor γ. One can control the neutrino energy by choosing the appropriate Lorentz boost factor as the energy that has been boosted by an appropriate boost factor towards the detector is given as E = 2γQ. Hence for certain mother nuclei to get the required neutrino energy the boost factor have to be chosen appropriately with respect to Q. Using such type of beams is quite interesting in the sense that with one boost factor γ a large range of neutrino energy can be covered and an accurate neutrino energy can be determined simultaneously. Due to the nature of such beam it is expected to have better precision in finding various neutrino oscillation parameters. In this work we use such a flavor pure electron neutrino beam emitted from electron capture process at high γ and target it towards a Water Cherenkov detector and try to study the discovery reach of the CP violation.

In section II we discuss the details of the nuclei considered for the electron capture experiment and approach of numerical simulation, the experimental setups that we have considered and the detector characteristics. Next, using perturbation method we have shown the order of dependence of δ on ν_e → ν_μ oscillation probability which is appropriate for both 130 Km and 250 Km baselines. In section III we discuss the discovery reach of CP violation and upper and lower bounds in the measurement of δ(true) for the abovementioned two baselines. In section IV we have summarized our results and also have discussed the difficulties and challenges in getting the monoenergetic neutrino beam.

II. EXPERIMENTAL SETUPS AND νe → νμ OSCILLATION PROBABILITY

In doing the analysis as done by earlier authors [3], we consider the isotope^{110}_{50} Sn. In the electron capture process of the above mentioned isotope, the produced neutrinos are monochromatic in nature and has an energy of Q = 267 KeV in the rest frame and a half life of 4.11 h. As mentioned in Ref [6], the most suitable candidate for producing neutrino beam from electron capture process would be the one with a low Q value and high boost factor, γ. Also it would be preferable if the nuclei has a short half life. The reasons is that the first oscillation peak in the oscillation probability corresponds to^{Δm231L}_{4E} =^π_2 . Considering E = 2γQ, it follows that γ =^{Δm231L}_{4πQ} for the first oscillation peak. Higher γ gives higher neutrino flux (although too high γ > 1000 we like to avoid keeping in mind the technological difficulty). But to satisfy the above condition we then need to lower Q value. Then another condition is, γτ < T where T is the time considered to perform the experiment so that all the nuclei decay and τ is the half life of the nuclei. If γ is increased then the half life τ is required to be small. So the preferable factors considered in choosing the candidate for producing neutrino beam from electron capture process are - low Q value, small half life τ and high γ [6]. The isotope, 110 50 Sn, has a low Q value so one may consider high γ value. However, it has a longer half life as compared to other nuclei like^{150}Dy,^{148}Dy [5] whose half lifes are 7.2 min and 3.1 min respectively. However, these nuclei have larger Q values of the order of 10^3 KeV. On the other hand, considering effective running time per year as 10^7 second all the nuclei for isotope^{110}_{50} Sn will not decay. But for γ = 440 and 950 (as considered in our analysis for the neutrino energy E to correspond to near the first oscillation peak in the oscillation probability for the baselines of length 130 Km and 250 Km respectively which has been discussed later) the useful decays are about 0.655 and 0.389 times the total number of^{110}_{50} Sn nuclei considered and so there is not much suppression. Hence although^{110}_{50} Sn has a larger half life, due to its lower Q value there is scope to consider high γ and high effective flux at the detector for 130 Km or 250 Km baselines. For these reasons we have preferred isotope,^{110}_{50} Sn in comparison to other nuclei like^{150}Dy,^{148}Dy in our analysis.

The neutrino beam produced from electron capture process is boosted with certain boost factor, γ. The boosted neutrino beam produced from such process hits the detector at a baseline length of L at a radial distance R from the beam axis and the energy, E of this beam in rest frame of the detector , i.e., in laboratory frame is given by:

E(R) = Q γ [ 1 − β √ 1 + (R/L)^2 ]_{−1} ≈ 2γQ 1 + (γR/L)^2 (1)

where R is the radial distance at the detector from the beam axis. At beam center R = 0. From the above equation (1) the energy window considered for the analysis which is constrained by the size of the detector is given by:

2γQ 1 + (γR_{max}/L)^2 ≤ E ≤ 2γQ (2) From equation (2) we can see that once the baseline length L and γ is fixed the energy window gets fixed. However, even considering radius of the detector R_{max} = 100 m the energy window is very small as can be seen from figure 1. Due to that we have not considered any energy binning at the detector as it is difficult to do experimentally. Otherwise, that could have improved the measurement of δ(true) further than what we have presented in our paper later. Although, apparently it seems from (1) that one could tell precisely the energy from the R value from the Cherenkov ring at the Cherenkov detector instead of measuring directly the neutrino energy as there is scope of good vertex resolution of ΔR ∼ 30 cm [3] for electron/muon events at the detector. However, to use effectively the position measurement for precise measurement of neutrino energy one requires beam spreading to be less than about 1μrad [3] which is difficult to achieve experimentally.

The number of events at the detector is given by: N ≃ ϵP (L, E)_{νe→νμ} 1 L^2 dn dΩ (E)σ(E)N_{nuc} (3) where ϵ is the signal efficiency, P (L, E)_{νe →νμ} is the neutrino oscillation probability, σ(E) is the charged current cross section per nucleon, N_{nuc} is the number of target nucleons and^{dn}_{dΩ} (E) is the angular neutrino flux and is given as: dn dΩ = N_{decays} 4π ( E Q )_2 (4) The detailed derivation of these expressions can be found in [3]. Here, N_{decays} is the number of useful decays of the nuclei per effective year.

Following the perturbation method [10] and by considering the standard model matter effect A ∼ α for neutrino energy E around 1 GeV where α = Δm^2_1/Δm^2_{31} and A = 2 √ 2G_F n_eE/Δm^2_{31} and n_e is the electron number density in matter; the probability of oscillation P_{νe →νμ} for short baseline (of 130 Km or 250 Km) upto order α^2 is given by

P_{νe→νμ} = sin^2 2θ_{13} sin^2 θ_{23} sin^2 ( Δm^2_{31}L 4E ) + α ( Δm^2_{31}L 2E ) sin θ_{13} sin 2θ_{23} sin 2θ_{12} sin ( Δm^2_{31}L 4E ) × cos ( δ − Δm^2_{31}L 4E ) + α^2 cos^2 θ_{23} sin^2 2θ_{12} ( Δm^2_{31}L 4E )_2

− 2α sin^2 θ_{13} sin^2 θ_{12} sin^2 θ_{23}

Δm^2_{31}L 2E × sin Δm^2_{31}L 2E + 8A sin^2 θ_{13} sin^2 θ_{23} ( sin^2

Δm^2_{31}L 4E − Δm^2_{31}L 8E sin Δm^2_{31}L 2E ) (5) where based on recent DAYA BAY result sin θ_{13} ∼ √ α. For finding δ we shall prefer the the maximum variation of the probability with δ which will occur for neutrino energy satisfying^{Δm231L}_{4E} = nπ/2 where n is an integer. However, as the neutrino flux varies with E^2 as shown in (4) so we shall choose preferably large E which corresponds to the probability of oscillation near the first oscillation maximum with n = 1 for a particular length L. Accordingly, we shall choose the boost factor γ on which E and hence ν_e flux depends. This has been illustrated in figure 1. From equation (5) we see that for short baselines like 130 or 250 Km in P_{νe →νμ} the δ dependent term is of the order α^{3/2} whereas the matter effect through A term is occuring at order α^2. Having small matter effect is good for finding CP violation and for measurement of δ. The precision measurement of δ is relatively difficult in comparison to other neutrino mixing parameters as δ dependent term in the oscillation probability is appearing first at the order of α^{3/2}. So whether better precision of it can be achieved for neutrino source from electron capture process in comparison to superbeam and neutrino factory, is an important issue. One might hope to get better precision from electron capture process because of primarily better energy resolution and also for the scope of setting the neutrino energy around the first probability oscillation peak so as to get more sensitive variation of oscillation probability with the variation of δ.

We have plotted the probability P (ν_e → ν_μ) with respect to energy for the two different setups in figure 1 for three different values of δ as mentioned in the figures. The length of the baseline is also mentioned in the figures. The shaded band in the figures show somewhat suitable energy windows for the different setups. The appropriate γ value has been chosen to get neutrino energy window near the peak of oscillation probability. For illustration, we have considered only normal hierarchy in plotting figure 1.

FIG. 1: Probability P (νe → νμ) vs neutrino energy E for two different setups.

In this work GLoBES[11] software has been used for doing the simulations. We consider a Water Cherenkov detector of fiducial mass 500 kt. The signal efficiency is considered to be 0.55 for both ν_μ appearance channel and ν_e disappearance channel, background rejection factor to be 3 × 10^{−3} for ν_μ appearance channel and 0.05 for ν_e disappearance channel, signal error of 0.1 and signal calibration error 10^{−4} for non-quasi-elastic interaction and signal error of 0.0001 and signal calibration error 10^{−4} for quasi-elastic interaction. For all channels the background error is 0.05 and background calibration error is 10^{−4}. The neutrino energy is known from (1) and the possible width as given by (2) is also very small even for radius of the detector of 100 m. This is equivalent to excellent energy resolution. We assume 10^{18} electron capture decays per year and the data are taken over a period of 5 years. Further for doing the analysis we choose two different setups: Setup(a): The length of the baseline is taken to be 130 Km and the boost factor γ to be 440. Setup(b): The length of the baseline is taken to be 250 Km and the boost factor γ to be 950.

The γ = 440 could be possible to achieve at upgraded SPS facility at CERN [7, 12]. We have compared discovery potentials of CP violation obtained using monoenergetic neutrino beam to that using neutrino superbeam (SPL) facility at CERN. For that we have considered third setup as follows: Setup(c): The length of the baseline is taken to be 130 Km corresponding to CERN-Fréjus baseline.

For setup (c) we have considered water Cherenkov detector with fiducial mass of 500 kt, running time (ν + ν̄) for 5+5 yrs. We have considered beam intensity 4 MW and systematics on signal and background as 2%. For the simulation we have used the setup as provided by GLoBES [11] based on reference [13].

In doing the simulations we have considered both ν_μ appearance and ν_e disappearance as signals for oscillations. We have considered the following parameter values as the true values [14]: |Δm^2_{31}| = 2.45×10^{−3}, Δm^2_1 = 7.64 × 10^{−5}, θ_{23} = 45^∘, θ_{12} = 34.2^∘, θ_{13} = 9^∘. Also we have considered prior of 3% for θ_{12}, 2.5% for Δm^2_1, 8% for θ_{23}, 4% for Δm^2_{31} and 0.005 for sin^2 2θ_{13}. A 2% uncertainty is considered on the matter density. We have also considered the uncertainty in the hierarchy of neutrino masses as it is not known at present. As the number of events for setup (a) and (b) are quite large due to large flux, any background due to atmospheric neutrinos are expected to be quite small and we have not considered such background in our analysis.

III. RESULTS

FIG. 2: Discovery reach of CP violation for two setups for both the hierachies (left panel for NH and right panel for IH. 130 Km(SPL) corresponds to superbeam.

The so far two unknown parameters in the neutrino mixing matrix - δ and the hierarchies are expected to be found in two seperate experiments as δ could be more easily found in shorter baselines while the hierarchy in longer baselines. Hierarchy is expected to be found easily in the longer baselines like say CERN to Pyhäsalmi of length about 2300 Km baselines [14]. We have done the analysis for two different true neutrino mass hierarchies seperately. We have included the hierarchy uncertainty in our analysis.

In figure 2 we have shown the discovery reach of the CP violation at 5σ confidence levels for three different setups - setup(a), setup(b) and setup(c) for both the true hierarchies (NH and IH). For finding CP violation we have fixed δ(test) at CP conserving δ values (0,π). We find that the discovery of CP violation for setup(a) is remarkable even at 5σ and could be found for about 91%(93%) of the possible δ values for NH(IH). For setup(b) these are at 5σ about 94%(93%) of the possible δ values for NH(IH). For setup (c) these are about 59% (57%) for NH(IH). In comparison to longer baselines the discovery reach for CP violation considering superbeam as considered in setup (c) for 130 Km baseline is expected to be quite good with high beam power around 4 MW as considered by us because there is negligible matter effect which otherwise could affect the discovery of the CP violation. However, as seen from the figures 2 for the setup (a) and (b) the discovery reach is significantly better than setup (c). This is because of almost precise knowledge of neutrino energy and also large flux (which increases with the boost factor) gives large number of events giving better statistics in using monoenergetic neutrino beam. Apart from ν_μ appearance channel we have also considered ν_e disappearance channel for the presence of hierarchy uncertainty and it gives better χ^2. One may note here that in earlier studies the discovery reach of CP violation as for example in [3] (as shown in figure 7 of that paper) can be found for about 80% of the possible δ values for their setup II for 250 Km baseline for the recently found large value of θ_{13}. Our results are significantly better than reference [3] because in getting χ^2 they had to vary θ_{13}(test) as this angle was unknown. Although our choice of γ and hence neutrino energy is less but it corresponds to the first oscillation peak in the oscillation probability where the variation of the probability due to δ is more than that for other energies. However, for the choice of neutrino energy in [3] the probability does not vary much with δ. Our results are better than those presented in [4, 5] because apart from the problem of unknown θ_{13}, their choice of γ is lesser than that considered by us for which the boosted flux is somewhat lesser than our case.

FIG. 3: δ (true) vs δ (test) at 3σ confidence level for two different setups and for both NH (left panel) and IH (right panel). 130 Km(SPL) corresponds to superbeam.

In figure 3 we have shown the contour for δ(true) vs δ(test) for the three setups and both the hierarchies at 3σ confidence level. This gives the 3σ bound on δ given by upper and lower δ (test) values corresponding to any particular δ (true) value indicating the sensitivity of measurement. As for example, for setup (a) for NH(IH) for δ (true)= −90^∘ the 3σ lower and upper bounds on δ are about −88^∘(−120^∘) and −70^∘(−88^∘) respectively. For setup (a) for NH(IH) for δ (true)= 90^∘ the 3σ lower and upper bounds on δ are about 88^∘(63^∘) and 120^∘(95^∘) respectively. For setup (b) for NH(IH) for δ (true)= −90^∘ the 3σ lower and upper bounds on δ are about −101^∘(−101^∘) and −82^∘(−76^∘) respectively. For setup (b) for NH(IH) for δ (true)= 90^∘ the 3σ lower and upper bounds on δ are about 76^∘(76^∘) and 107^∘(107^∘) respectively. For setup (c) for NH(IH) for δ (true)= −90^∘ the 3σ lower and upper bounds on δ are about −126^∘(−145^∘) and −50^∘(−50^∘) respectively. For setup (c) for NH(IH) for δ (true)= 90^∘ the 3σ lower and upper bounds on δ are about 50^∘(50^∘) and 145^∘(126^∘) respectively. For most of the δ (true) values the upper and lower bound on δ are very close for both setup (a) and setup(b) which signifies the possibility of quite good measurement except some small regions. From Figure 3 it is also seen that measurement of different δ(true) using setup (a) and (b) is better than that using setup (c).

IV. CONCLUSION

For a comparative study we have considered two different type of neutrino sources to find the discovery reach of the CP violation. One type of source is only ν_e from electron capture decays of^{110}_{50} Sn isotopes (Setup (a) and Setup (b) ) directed towards water Cherenkov detector and the other type is both neutrino and anti-neutrino from superbeam (Setup (c)). As depicted in figure 2 for the first type of source CP violation could be observed for almost above 91 % of the possible δ(true) values for 130 Km and 250 Km baseline which could be at best about 57 % for the second type of source for 130 Km baseline. From figure 3 the measurement of any δ(true) for first type of neutrino sources are always much better than that for the second type of neutrino sources. The overall excellent discovery reach for the first type of source, i.e., neutrino beam emitted from electron capture process has been found which is primarily due to the scope of almost precise knowledge of neutrino energy and also for the presence of purely one type of neutrino flavor (ν_e) in the beam [3] and also for the scope of adjusting the almost monoenergetic neutrino energy to the first oscillation peak in the oscillation probability ν_e → ν_μ where variation of probability due to δ is more and the probability is relatively higher. Although setup (a) and (b) looks quite competing however, because of the requirement of lesser γ = 440 for setup (a) in comparison to the higher γ = 950 for setup (b), and also for lesser matter effect for 130 Km baseline the setup (a) seems more suitable.

After the discovery of neutrino vacuum mixing angle θ_{13} by DAYA BAY experiment [2] it is now very important to know precisely the value of CP violating phase δ. For this it seems that considering the neutrino source from electron capture decays could be quite worthwhile in future . However, building up of such facility of neutrino beam will require some technological development and the implementation of it might take some time [15]. The existing CERN accelerator complex could be used to study such facility. However, the monoenergetic neutrino flux require a very large number of ions to be stored in the decay ring. It is difficult to control the beam at high intensities because of space charge detuning, intra beam scattering and vacuum loss. With SPS upgrade it could be possible to accelerate the ions to γ = 440 but accelerating above that seems difficult [16]. Depending on the half life of^{110}_{50} Sn we have reduced the total number of useful decays of the ion per effective year from 10^{18} but the value considered is still extreme because of the requirement of acceleration and storage of the partially charged ion. For improving this the vacuum conditions in SPS would be required to be upgraded. It requires more study on such beam facility and could be quite worthwhile because of the scope of better measurement of δ(true) by utilising monoenergetic nature of neutrino energy.

Acknowledgment: ZR likes to thank University Grants Commission, Govt. of India for providing research fellowship. Z. R and R.A thank Arnab Dasgupta for discussion.

[1] Particle Data Group, K. Hagiwara et al., Phys. Rev. D66, 010001 (2002); B. Pontecorvo Sov. Phys. JETP 26:984 (1968).

[2] Daya-Bay collaboration, Phys.Rev.Lett. 108 171803 (2012), arXiv:1203.1669. [3] M. Rolinec, J. Sato, JHEP 0708:079 (2007), hep-ph/0612148.

[4] J. Bernabeu, J. Burguet-Castell and C. Espinoza, JHEP, 0512:014, (2005), hep-ph/0505054. [5] J. Bernabeu, J. Burguet-Castell, C. Espinoza, and M. Lindroos, Nucl.Phys.Proc.Suppl.155,222-224 (2006), hep-ph/0510278 .

[6] J. Sato, Phys.Rev.Lett.95, 131804 (2005), hep-ph/0503144. [7] C. Orme, JHEP 1007, 049 (2010), arXiv:0912.2676. [8] M.E. Estevez Aguado et al., Phys.Rev.C84, 034304 (2011).

[9] J. Bernabeu, J. Burguet-Castell and C. Espinoza, PoS HEP 2005, 182 (2006), hep-ph/0512297. [10] R. Adhikari, S. Chakraborty, A. Dasgupta, S. Roy, Phys. Rev. D 86, 073010 (2012), arXiv:1201.3047 [11] P. Huber, M. Lindner and W. Winter, Comput. Phys. Commun.167, 195 (2005), hep-ph/0407333; P. Huber, J.

Kopp, M. Lindner, M. Rolinec and W. Winter, Comput. Phys. Com- mun.177, 432 (2007),hep-ph/0701187. [12] C. Espinoza and J. Bernabeu, J. Phys. Conf. Ser. 110, 082006 (2008), arXiv:0710.5615. [13] J. -E. Campagne, M. Maltoni, M. Mezzetto and T. Schwetz, JHEP 0704, 003 (2007), hep-ph/0603172.

[14] P. Coloma, E. Fernandez-Martinez and L. Labarga, arXiv:1206.0475. [15] M. Lindroos, J. Bernabeu, J. Burguet-Castell and C. Espinoza, PoS HEP 2005, 365 (2006). [16] O. Bruning et al, LHC luminosity and energy upgrade: a feasibility study, CERN-LHC-PROJECT-REPORT-626 (2002).