arXiv:0912.3804v3 [hep-ph] 3 Mar 2010

MPP-2009-178 EURONU-WP6-09-13

The γ = 100 β-Beam revisited

Enrique Fernandez-Martinez Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany

Abstract

We study the performance of γ = 100 β-Beam setups based on the decays of^8B and^8Li as a function of the achievable production fluxes and compare them with the “standard” setups based on^{18}Ne and^6He decays. For the standard setup we also investigate the physics potential for reduced^{18}Ne fluxes, since it seems experimentally challenging to achieve the baseline numbers. We find that, contrary to the standard setup, setups based in^8B and^8Li can be sensitive to the mass hierarchy down to values of sin^2 2θ_{13} ∼ 10^{−2} by themselves, due to the stronger matter effects granted by the higher energy of the neutrinos. On the other hand, the longer baseline required for neutrinos to oscillate at these higher energies reduces the statistics at the detector and fluxes around three times larger are required to reach the sensitivity to θ_{13} and CP violation for the smallest values of sin^2 2θ_{13} that the standard setup provides. We also studied the required suppression factor of the atmospheric background. In all the setups studied, we found that a suppression factor of 10^{−4} is equivalent to removing completely the atmospheric background. Suppression factors of order 10^{−3} do not imply a significant loss in sensitivity while suppressions of 10^{−2} still allow good CP discovery potential if sin^2 2θ_{13} > 10^{−2} and the flux is not too low.

I. INTRODUCTION

Neutrino physics is one of the few evidences we have for physics beyond the Standard Model of particle physics. The results from solar [1–6], atmospheric [7, 8], reactor [9– 12] and accelerator [13–15] neutrino experiments show that neutrinos change flavour in flight. The extension of the Standard Model with neutrino masses and three-family mixing that would drive neutrino oscillations is the simplest and best explanation that accommodates all data. The experimental results point to two very different mass-squared differences, Δm^2_{sol} ≈ 7.7 × 10^{−5} eV^2 and |Δm^2_{atm}| ≈ 2.4 × 10^{−3} eV^2. On the other hand, only two out of the four parameters of the three-family leptonic mixing matrix are known: θ_{12} ≈ 34^∘ and θ_{23} ≈ 42^∘ [16]. The other two parameters, θ_{13} and δ, are still unknown: for the mixing angle θ_{13} direct searches at reactors [9– 11] and three-family global analysis of the experimental data give the upper bound sin^2 2θ_{13} ≤ 0.074 at 1σ, whereas for the leptonic CP-violating phase δ we have no information whatsoever. Furthermore, the ordering of the neutrino mass eigenstates, i.e. the sign of the atmospheric mass difference Δm^2_{atm}, also remains unknown since atmospheric neutrino oscillations are only sensitive to its absolute value.

Recently, a preference for sin^2 θ_{13} > 0 has been found when fitting solar neutrino data from the third phase of the Sudbury Neutrino Observatory (SNO-III) and recent data from KamLAND [17]. The first results from the MINOS experiment, studying the appearance channel ν_μ → ν_e, also show a preference for non-zero values of θ_{13}. A combination of all these data provides a best fit of sin^2 θ_{13} ∼ 0.01, depending on the solar model assumed, and disfavor θ_{13} = 0 at slightly more than 1σ [18]. This hint for non-zero θ_{13} will be probed by the forthcoming generation of accelerator [19, 20] and reactor [21, 22] experiments, However, even if the hint for large θ_{13} is confirmed, these experiments lack the power to probe the remaining unknown neutrino oscillation parameters, such as the existence of leptonic CP violation encoded in the phase δ or the ordering of neutrino masses [23]. A new generation of neutrino oscillation experiments is therefore needed for this task or to explore even smaller values of θ_{13} if the present hint is not confirmed.

The three types of facilities proposed for the next generation of neutrino oscillation experiments are characterized by different production mechanisms of the neutrino beam. Super-Beams would constitute an upgrade of conventional ν_μ beams from pion decay with MW proton drivers. T2K [19] and NOνA [20] are often considered to be the first generation of Super-Beam experiments. A more ambitious facility, for a next to next generation upgrade, is the Neutrino Factory, which would produce very intense ν_μ and ν̄_e beams from muon decays accelerated to energies of ∼ 25 GeV [24–26]. As an intermediate step, lower energy versions of the Neutrino Factory with energies ∼ 4 GeV have also been proposed [27–30]. Finally, β-Beams involve the production of β-unstable ions, accelerating them to some reference energy, and allowing them to decay in the straight section of a storage ring, resulting in a very intense and pure ν_e or ν̄_e beams [31]. The ν_e → ν_μ “golden channel”, or its T-conjugate channel, can be probed at Super-Beams, β-Beams and Neutrino Factories and has been identified as the most sensitive to all the unknown parameters [32]. However, strong correlations between them [33–36] make the simultaneous measurement of all the parameters extremely difficult.

In the original β-Beam proposal,^{18}Ne (^6He) ions are accelerated to γ ∼ 100 at the CERN SPS and stored so that ν_e (ν̄_e) beams are produced and the golden channel oscillation is searched for at a Mton class water Cerenkov detector located at L = 130 km at the Frejus site, detailed analyses of the physics performance of this setup can be found in Refs. [37–43]. Numerous modifications of this basic setup have been studied [44–57], most of them being different combinations of two basic ingredients: the possibility of accelerating the ions to higher γ factors [58, 59], thus increasing the flux and the statistics at the detector, and the possibility of considering the decay of different ions to produce the neutrino beam. In particular^8B and^8Li have been proposed as alternatives to^{18}Ne and^6He respectively [60–62].

Here we will focus on the γ = 100 β-Beam option and investigate its physics potential. The γ ∼ 100 limitation on the boost factor of the ions stems from the requirement that the CERN SPS can already be exploited to access these energies and thus leverage

Element A/Z T_{1/2} (s) Q_β eff (MeV) Decay Fraction 18Ne 1.8 1.67 3.41 92.1% 2.37 7.7% 1.71 0.2% 8B 1.6 0.77 13.92 100% 6He 3.0 0.81 3.51 100% 8Li 2.7 0.83 12.96 100%

TABLE I: A/Z, half-life and end-point energies for three β^+-emitters (^{18}Ne and^8B) and two β^−-emitters (^6He and^8Li). All different β-decay channels for^{18}Ne are presented.

existing infrastructure in the same spirit as the original proposal. Moreover, the production of the required isotopes could also profit from the EURISOL nuclear physics programme that could also be based at CERN [63]. In Section II we compare the different possible choices of ions and baselines. In Section III we take into account the atmospheric background expected at the detector and study the suppression factor of this background required through the bunching of the beam to attain the best sensitivities in the different setups. Finally in Section IV we summarize our conclusions.

II. CHOICE OF IONS AND BASELINES

In Tab. I we show the relevant parameters for the β decay of four ions:^{18}Ne and 6He,^8Li and^8B. As can be seen, the main difference between the two sets of ions consists in their decay energy Q_β ∼ 3.5 for^{18}Ne and^6He and Q_β ∼ 13.5 for^8Li and^8B. Thus, the neutrino beams produced by the decay of the latter set of ions are around 3.5 times more energetic than the ones produced by the former when accelerated to the same γ factor. This has the obvious advantage that, for the same γ factors, higher neutrino energies are achievable with^8Li and^8B. On the other hand, it also means that, for the oscillation to be on peak, a baseline 3.5 times longer is required to achieve the same L/E value. This translates into a suppression of the neutrino flux at the detector, since the flux decreases with L^{−2} and the suppression is not fully compensated with the enhancement of the cross section at higher energies. For this reason, β-Beams based on^8Li and^8B decays usually suffer from low statistics. This was also the reason why ions such as^{18}Ne and^6He with rather low decay energies were chosen in the original proposal.

Despite their statistical limitations,^8Li and^8B also provide an interesting choice since higher neutrino energies can be probed with the maximum γ factor achievable at with the same booster (SPS) as envisaged in the original β-Beam proposal [31]. The higher energies accessible translate in stronger matter effects and generally higher sensitivity to the neutrino mass hierarchy through them, even allowing to reach a resonant behaviour if γ = 350 is accessible [47, 50, 51, 54, 57].

The choice of the baseline should match the neutrino energy, since neutrino flavour change oscillates with L/E. Too short a baseline will not allow oscillations to develop and a baseline much larger than the one matching the first oscillation peak will reduce unnecessarily the statistics at the detector due to the beam divergence as L^{−2}. We will consider two possible sites capable of housing the Mton class water Cerenkov detector proposed to observe the neutrino beam produced at CERN and that match the baseline requirements. The shorter baseline is 130 km and matches the CERN to Frejus distance, it is suitable to observe the first oscillation peak of neutrinos from 18Ne and^6He decays accelerated to γ = 100, this was the baseline suggested in the original β-Beam proposal. A longer baseline of 650 km would correspond to the CERN to Canfranc distance and would roughly match the first oscillation peak of neutrinos from^8Li and^8B decays accelerated to γ = 100. Oscillations of neutrinos from^{18}Ne and^6He could also be observed at this baseline at the second peak for γ = 100 or at the first peak for γ = 350 (achievable with a refurbished SPS [58]).

A key factor in the determination of the best ion candidates is the achievable number of decays per year for each ion. This factor is at present extremely uncertain. For 18Ne and^6He “standard” fluxes of 1.1 · 10^{18} and 2.9 · 10^{18} decays per year are usually

FIG. 1: Comparison of the 3 σ discovery potential to leptonic CP violation of the standard 18Ne and^6He with different assumptions for the achievable ion fluxes.

assumed. These fluxes would grant the γ = 100 β-Beam proposal enough sensitivity to compete with similar Super-Beam facilities. Preliminary studies show that this requirement should be achievable for^6He ions, the estimations actually yield a flux somewhat larger. In the case of^{18}Ne, on the other hand, the production of an intense flux is much more challenging and the present estimates yield a flux about an order of magnitude smaller. More sophisticated productions could improve the situation to a factor 5 smaller than the “standard” flux [64, 65].

In Fig. 1 we compare the CP discovery potential, defined as the values of θ_{13} and δ that would allow to discard at 3σ the CP conserving values δ = 0 and δ = π, of the β-Beam based on^{18}Ne and^6He with standard fluxes and L = 130 km (solid black line) to that achievable if the^{18}Ne flux is a factor 2 or 5 times smaller (dashed red and dotted blue lines respectively). In order to compensate the lower^{18}Ne flux, a larger^6He flux, twice the standard, was assumed and a running time of 2 years with^6He and 8 years with^{18}Ne was considered, instead of the 5+5 years of the standard scenario. The expected efficiencies and beam-induced backgrounds of the detector when exposed to the considered beams have been added as migration matrices extracted from Ref. [59]. In all the simulations the following best fit values and 1σ errors for the known oscillation parameters were assumed Δm^2_1 = (7.7 ± 0.3) · 10^{−5} eV^2, Δm^2_{31} = (2.4 ± 0.1) · 10^{−3} eV^2, θ_{12} = 34.0 ± 1.3 and θ_{23} = 45.0 ± 4.5. These parameters were marginalized over to present the final curves. The background caused by atmospheric neutrinos in the detector was neglected in this section but will be discussed in detail in the next section. The evaluation of the performance of the facility made use of the GLoBES software [66, 67].

As can be seen in Fig. 1, in the more optimistic case in which the^{18}Ne flux is only a factor 2 smaller than the standard, the sensitivity is not seriously affected provided that a factor 2 larger flux of^6He is achievable. However, as we will discuss in the next section, the longer time required running with a low^{18}Ne signal, translates in a less favorable signal/background fraction for the atmospheric neutrino background and more demanding suppression factors would be needed compared to the standard fluxes in order to achieve a similar performance. For a factor 5 reduction in the^{18}Ne flux the sensitivity gets more degraded.

A similar analysis of the achievable fluxes for^8Li and^8B is only in its very early stages. Assuming that the two ions can be produced with the rates described in [60], preliminary estimates of their fluxes after the acceleration up to γ = 100 through the SPS yield fluxes usually larger than the standard fluxes considered for their^6He and 18Ne counterparts. However, there are still many uncertainties in these estimations, we will therefore present our result for three different assumptions of the achievable^8Li and^8B fluxes. We will consider for definiteness the same “standard” fluxes of 1.1 · 10^{18} decays per year for^8B and 2.9 · 10^{18} decays per year for^8Li as are usually considered for^{18}Ne and^6He and study the effect of scaling those numbers by factors of 2 and 5.

With the four ion candidates and two baselines available we have explored the sensitivities to the unknown parameters of three possible β-Beam setups:

• Setup 1. The “standard” setup with neutrinos from^{18}Ne and^6He decays accelerated to γ = 100. The baseline is L = 130 km and the fluxes are the standard 1.1·10^{18} and 2.9·10^{18} decays per year for^{18}Ne and^6He respectively. We assumed a 5 year run with each ion. This setup is represented by the black solid line in Fig 2.

FIG. 2: Comparison of the discovery potential to CP violation (left panels) and to a normal mass hierarchy (right panels) of the standard setup (black solid lines) and setups 2 (upper panels) and 3 (lower panels) defined in the text.

• Setup 2. A setup based in^8Li and^8B decays accelerated to γ = 100. The baseline is L = 650 km and the fluxes are 1, 2 and 5 times the standard. We assumed a 5 year run with each ion. This setup is represented in the upper panels of Fig 2.

• Setup 3. A setup based in^8Li,^8B and^6He decays accelerated to γ = 100. The baseline is L = 650 km the same fluxes as for setups 1 and 2 were assumed. We assumed a 5, 3 and 2 year run with^8B,^8Li and^6He respectively. This setup is represented in the lower panels of Fig 2.

The expected CP discovery potential, defined as the values of θ_{13} and δ that would allow to discard at 3σ the CP conserving values δ = 0 and δ = π, is presented in the left panels of Fig 2. Setup 2 (upper panel) and setup 3 (lower panel) are compared to the standard setup (solid black lines). The discovery potential down to the smallest values of θ_{13} corresponds to setup 1, since the shorter baseline guarantees higher statistics. Setups 2 and 3 require a flux 5 times larger in order to reach smaller values of θ_{13} than setup 1. Moreover, the stronger matter effects present at these higher energies and baseline can mimic true CP violation and lead to degeneracies [34] that translate into the loss of sensitivity for negative values of δ around sin^2 2θ_{13} = 3 · 10^{−2}. In order to alleviate this degeneracy problem we introduced setup 3, the combination of information at the first oscillation peak from^8B and^8Li decays with that from^6He decays at the second oscillation peak can alleviate the sign degeneracies and help to fill in the gap in sensitivity for negative values of δ [61]. If the flux of^8B and^8Li is high enough, the degeneracies are already much reduced by the larger statistics and the gain provided by setup 3 is smaller.

The term in the oscillation probability that provides the sensitivity to CP violation is suppressed by sin 2θ_{13} and Δm^2_1L/E and has to compete with a δ-independent term suppressed by sin^2 2θ_{13}. The sensitivity to CP violation thus decreases for the largest values of θ_{13}, where the δ-independent term dominates. However, in setups 2 and 3 the value of L/E is larger for the lower energy bins than in setup 1 and thus, Δm^2_1L/E being larger, their sensitivity to CP violation can outperform that of setup 1 for large values of θ_{13} even if their statistics is lower. For instance, with only a factor 2 increase in the flux, the^8Li and^8B setup is already outperforming setup 1 for negative values of δ and large θ_{13} and for a factor 5 increase in the flux the performance of setup 2 is always better than setup 1, except in the degeneracy region, even though the factor 5 does not fully compensate the L^{−2} suppression from the longer baseline.

The expected discovery potential to a normal mass hierarchy, defined as the values of θ_{13} and δ that would allow to discard an inverted hierarchy at 3σ, is presented in the right panels of Fig 2. Setup 2 (upper panel) and setup 3 (lower panel) are presented. Notice that only setups 2 and 3 show some sensitivity to mass hierarchy. Setup 1 has too small matter effects due to the low energy of the beam and the shorter baseline to be able to measure the mass hierarchy by itself. Nevertheless, some sensitivity to the mass hierarchy could be gained when combining its information with atmospheric neutrino oscillations measured at the detector [43]. The better sensitivity of setup 3 with respect to setup 2 for negative values of δ is again due to the complementarity of the information on the oscillation probability of^6He at the second oscillation peak that allows to break degeneracies when combined with^8Li and^8B at the first peak [61].

We conclude that the setups 2 and 3 based on^8Li and^8B decays can outperform the standard setup 1 based on^{18}Ne and^6He decays if fluxes larger than at least 2 times the standard can be achieved. For a flux 5 times the standard the setups based in^8Li and 8B beams outperform the standard setup for all the parameter space except the area around sin^2 2θ_{13} = 3 · 10^{−2} and negative δ where degeneracies spoil their performance. For fluxes not much larger than 2 times the standard, setup 1 will perform better for smaller values of θ_{13}, while setups 2 and 3 can provide sensitivity to the mass hierarchy and also cover a larger fraction of parameter space for CP discovery potential if sin^2 2θ_{13} > 3 − 5 · 10^{−2}. These setups can then be a very interesting alternative to probe leptonic CP violation and the mass hierarchy if the present hint for large θ_{13} is confirmed by the next generation of reactor and accelerator experiments. Indeed in Refs. [55, 56] it was shown that, if a factor 5 in luminosity is achieved, a setup based on^8Li and^8B decays accelerated to γ = 100 can confirm at 5σ the θ_{13} measurement and discover at 3σ the mass hierarchy for any value of δ and CP violation for 80% of the values of δ if θ_{13} is large enough to be seen by Double Chooz.

III. THE ATMOSPHERIC NEUTRINO BACKGROUND

One of the main sources of background that can spoil the β-Beam sensitivity is the background from atmospheric neutrinos. This background can be reduced by imposing angular cuts in the direction of the beam. Indeed, even if the direction of the incoming neutrino cannot be measured, it is increasingly correlated with the direction of the detected muon at higher energies. This situation is depicted in Fig. 5 of Ref. [59] for neutrinos from^{18}Ne and^6He with γ factors of 120, 150 and 350. In particular the

18Ne^6He^8B^8Li Signal (δ = 90^∘) 446 265 86 37 Signal (δ = −90^∘) 189 651 37 104 Beam back. 51 37 11 12 Atmo. back. 11144 11144 814 814

TABLE II: Event rates for the signal for θ_{13} = 5^∘ and the background of the four ions considered at L = 130 km and L = 650 km for He/Ne and B/Li respectively. Efficiencies have been included in the computation of the rates. The expected atmospheric background rate after the angular cut but before the timing suppression factor is also shown.

energy spectrum of of neutrinos from^8Li and^8B decays with γ = 100 is very similar to^{18}Ne and^6He at γ = 350 since their decay energy is precisely ∼ 3.5 times larger. As can be seen from the figure, the mean angle between the muon and the incoming neutrino is much smaller in the γ = 350 scenario. In fact, an angular cut requiring 90% of the efficiency was applied in [59] and, in mean, was found to correspond to cos θ_l > −0.5 for γ = 120 and cos θ_l > 0.45 for γ = 350. The cut is included in the migration matrices extracted from Ref. [59] and used here. This angular cut translates in a reduction of the atmospheric background that is three times stronger for the higher energy scenario.

In order to estimate the atmospheric neutrino background arriving in the same direction of the beam, we have evaluated the expected number of oscillated atmospheric muon neutrinos using the flux from [68] for the Frejus site that arrived within a solid angle ∼ √ 1/E(GeV) from the beam direction for the different energy bins considered and studied its impact on the sensitivities. As can be seen from the event rates reported in Tab. II, even after imposing this directional cut, the background level dominates the expected signal and an additional cut must be imposed to reduce it to acceptable levels. This can be achieved by accumulating the signal in small bunches so as to use timing information to reduce the constant atmospheric background. If the storage ring has a total length L and there are N ion bunches circulating in it with a longitudinal spread

FIG. 3: Dependence on the background suppression factor of the the 3 σ discovery potential to leptonic CP violation of the standard β-Beam scenario with 2 times larger flux of^6He but 2 (5) times smaller^{18}Ne flux in the left (right) panel. The lines correspond to suppression factors of 0, 10^{−4}, 10^{−3}, 10^{−2} and 10^{−1}.

l, when the ions decay in the straight sections of the beam traveling close to the speed of light, they will produce a pulsed neutrino signal. The time length of these pulses will just be l/c, while the periodicity with which a given ion bunch produces a pulse is L/c, timing this signal in the detector can therefore reduce the atmospheric background by a suppression factor given by: SF = Nl L , (1) since only that fraction of time corresponds to signal pulses. Previous analysis showed that, for the standard setup, the decaying ions must be accumulated in very small bunches so as to achieve a SF = 10^{−2} − 10^{−3} suppression factor of the background [59, 69].

In Fig. 3 we show the dependence on the achievable SF of the discovery potential to CP violation of the standard scenario with a reduced^{18}Ne flux. As in the previous section we assumed that a flux twice the standard is achievable for^6He, i.e. 5.8 · 10^{18} decays per year, while the flux of^{18}Ne is reduced two or five times corresponding to 5.5 · 10^{17} and 2.2 · 10^{17} decays per year in the left and right panels respectively. An asymmetric running time of 2 years with^6He and 8 with^{18}Ne was assumed. The lines correspond to suppression factors of 0 (orange), 10^{−4} (green), 10^{−3} (blue), 10^{−2} (red) and 10^{−1} (black). As can be seen a suppression factor of 10^{−4} is practically identical to the case in which the background was completely neglected. As for the standard case, in the scenario with a factor 2 suppression of the^{18}Ne (left panel) a suppression factor of the background by 10^{−3} does not spoil much the sensitivity with respect to the nobackground limit and can then be viewed as a goal to achieve the best performance from the facility. If sin^2 2θ_{13} > 10^{−2} and the present hint is confirmed by the next generation of facilities, suppression factors as big as 10^{−2} are acceptable without seriously spoiling the CP discovery potential. However, in the case the flux of^{18}Ne is a factor 5 smaller than the standard flux, a stronger suppression of the atmospheric background would be necessary to avoid too much sensitivity loss.

Since the atmospheric neutrino background decreases with the energy as ∼ E^{−2}, for the other setups considered here based on^8Li and^8B decays with ∼ 3.5 times higher energy, an order of magnitude less atmospheric background can be expected at the detector. We studied whether this allows to relax the stringent bunching required on the signal. Notice that the achievable ion flux is strongly affected by this strong requirement and a relaxation of this value could allow an increase in statistics.

In Fig. 4 we show the dependence on the background suppression factor of the the 3σ discovery potential to leptonic CP violation (left panels) and the mass hierarchy (right panels) of the^8B and^8Li setup. The upper panels correspond to the most pessimistic flux of 2.9 · 10^{18} and 1.1 · 10^{18} decays per year for^8Li and^8B respectively. The lower panels correspond to the most optimistic assumption with a factor 5 larger fluxes. Notice that, as for the lower energy case, there is almost no difference between the sensitivity with no atmospheric background (orange line) and with a 10^{−4} background (green line). The atmospheric background thus becomes negligible if a 10^{−4} suppression is achieved. The sensitivities for the 10^{−3} suppression case (blue lines) are only slightly worse than those for 10^{−4} in the high statistics case. Thus, 10^{−3} or even 5 · 10^{−2} seems the goal that should be achieved in order to exploit the full potential of the β-Beam for small values of θ_{13} if the higher fluxes can be achieved. For sin^2 2θ_{13} > 10^{−2} suppression factors as large as 10^{−2} do not imply a sensitivity loss with respect to the case of no

FIG. 4: Dependence on the background suppression factor of the the 3 σ discovery potential to leptonic CP violation (left panels) and the mass hierarchy (right panels) of the^8B and 8Li setup. The lines correspond to suppression factors of 0, 10^{−4}, 10^{−3}, 10^{−2} and 10^{−1}. The upper panels correspond to fluxes of^8B and^8Li of 1.1 · 10^{18} and 2.9 · 10^{18} decays per year respectively and the lower panels to a flux increase by a factor 5.

atmospheric background. On the other hand, in the low flux scenario, the smaller signal also demands a further reduction of the background.

We conclude that, for the fluxes assumed, a background suppression around ∼ 10^{−3} − 10^{−2} is required to achieve the full sensitivity of the β-Beam, depending on the size of θ_{13}. The fact that the higher energy beams provided by^8Li and^8B decays require a similar background suppression than those based on^{18}Ne and^6He can be easily understood. On the one hand, the expected background is more than an order of magnitude lower for the^8Li and^8B setups, since the atmospheric background decreases with

E^{−2} and the energy is ∼ 3.5 larger and the angular cut performed of ∼ √ 1/E(GeV) is more efficient at higher energies. On the other hand, the signal decreases due to the longer baseline with a factor (650/130)^2 = 25 which is not fully compensated by the larger cross section at higher energies (more than a factor 3.5 larger since the cross section grows faster than linearly at those energies). Moreover, the efficiency of the detector gets degraded at high energies, since water Cerenkov detectors are not optimal beyond the quasielastic regime of the cross section. In particular, following Ref. [59], we find the efficiencies to be more than a factor two smaller for the higher Q ions than for^{18}Ne and^6He. This means that the signal/background fraction remains similar in all scenarios and similar suppression factors are required to achieve the full β-Beam potential. In the case where the flux of^8B and^8Li was assumed to be 5 times larger, the suppression factor could be somewhat relaxed beyond 10^{−3}, given the larger signal, or even beyond 10^{−2} for large values of θ_{13}. On the other hand, for the most pessimistic assumptions for the fluxes of^8B and^8Li and in the scenario with a factor 5 smaller 18Ne, even more stringent suppression factors, smaller than 10^{−3}, would be desirable.

IV. CONCLUSIONS

We have compared the performance of several γ = 100 β-Beams based on the decay of different ions. In particular we have studied setups exploiting the decay of^8Li and 8B at a baseline of 650 km, which provide the complementary L/E information of a wider neutrino spectrum and stronger matter effects, at the cost of lower statistics given the longer baseline required for neutrino oscillations to develop.

We found that the setups involving^8Li and^8B always outperform the standard setup with^{18}Ne and^6He decays in sensitivity to the mass hierarchy, given the stronger matter effects provided by the higher energy and longer baseline. Moreover, the higher values of L/E accessible at the lower end of the spectrum enhance the CP violation signal for large values of θ_{13} and can provide the^8Li and^8B setups with better coverage of the δ parameter space for the CP discovery potential. On the other hand, the reduced statistics due to the longer baseline required for the oscillation of^8Li and^8B neutrinos imply that the standard setup is preferable for small values of θ_{13}, provided that the present pessimistic estimation for the^{18}Ne flux can be improved. Otherwise, the sensitivity of the standard setup is also deteriorated and^8Li and^8B setups might be preferable, depending on their achievable fluxes. Conversely, the stronger matter effects present for the^8Li and^8B setups, can mimic true CP violation and sign degeneracies difficult the discovery of CP violation at negative values of δ. This situation could be improved by adding^6He antineutrinos at the same 650 km baseline that would be at the second peak of its oscillation with the sign degeneracies at different places in the parameter space [61]. The information from atmospheric neutrino oscillations at the detector could also provide similar sensitivities to the mass hierarchy when combined with the β-Beam data and improve the CP discovery potential [43, 48].

Finally, we also studied the impact of the atmospheric background in the sensitivities and the suppression factor to be achieved through the timing of the ion beam in the storage ring in order to reduce it to acceptable levels. We found that to achieve the full performance of the β-Beam, suppression factors of ∼ 10^{−3} are desirable for all the setups studied. This suppression factor can be relaxed to ∼ 10^{−2} if sin^2 2θ_{13} > 10^{−2}, that is, if the present hint for large θ_{13} is confirmed by the next generation of accelerator and reactor experiments.

To summarize, we believe that γ = 100 β-Beam setups based on^8Li and^8B decays are a very interesting alternative to the standard setup, specially for large values of θ_{13}. However, larger fluxes than the standard for^{18}Ne and^6He are required to achieve competitive CP discovery potential. We also found that matter effects induce sign degeneracies that spoil the sensitivity to the mass hierarchy and the discovery of CP violation for negative values of δ. These degeneracies can be alleviated either by an increase of statistics or by the complementary information provided by^6He antineutrinos at the second oscillation peak.

Acknowledgments

I want to thank A. Donini, C. Hansen, P. Hernández, M. Mezzetto and E. Wildner for interesting discussions and for encouraging me to perform this study. I am particularly indebted to O. Mena for her help with the simulation of the atmospheric neutrino background and for cross-checking my results. I acknowledge support by the DFG cluster of excellence “Origin and Structure of the Universe” and from the European Community under the European Commission Framework Programme 7 Design Study: EUROnu, Project Number 212372.

[1] B. T. Cleveland et al., Astrophys. J. 496 (1998) 505.

[2] J. N. Abdurashitov et al. [SAGE Collaboration], Phys. Rev. C 60 (1999) 055801 [arXiv:astro-ph/9907113].

[3] W. Hampel et al. [GALLEX Collaboration], Phys. Lett. B 447 (1999) 127. [4] S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 86 (2001) 5651 [arXiv:hep-ex/0103032].

[5] Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 87 (2001) 071301 [arXiv:nucl-ex/0106015].

[6] S. N. Ahmed et al. [SNO Collaboration], Phys. Rev. Lett. 92 (2004) 181301 [arXiv:nucl-ex/0309004].

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

[8] M. Ambrosio et al. [MACRO Collaboration], Phys. Lett. B 517 (2001) 59 [arXiv:hep-ex/0106049].

[9] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466 (1999) 415 [arXiv:hep-ex/9907037].

[10] M. Apollonio et al. [CHOOZ Collaboration], Eur. Phys. J. C 27 (2003) 331 [arXiv:hep-ex/0301017].

[11] F. Boehm et al., Phys. Rev. D 64 (2001) 112001 [arXiv:hep-ex/0107009]. [12] K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90 (2003) 021802 [arXiv:hep-ex/0212021].

[13] M. H. Ahn et al. [K2K Collaboration], Phys. Rev. Lett. 90 (2003) 041801 [arXiv:hep-ex/0212007].

[14] E. Aliu et al. [K2K Collaboration], Phys. Rev. Lett. 94 (2005) 081802 [arXiv:hep-ex/0411038].

[15] D. G. Michael et al. [MINOS Collaboration], Phys. Rev. Lett. 97 (2006) 191801 [arXiv:hep-ex/0607088].

[16] M. C. Gonzalez-Garcia and M. Maltoni, arXiv:0704.1800 [hep-ph]. [17] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno, Phys. Rev. Lett. 101, 141801 (2008).

[18] M. C. Gonzalez-Garcia, M. Maltoni and J. Salvado, arXiv:1001.4524 [hep-ph]. [19] Y. Itow et al., arXiv:hep-ex/0106019.

[20] D. S. Ayres et al. [NOvA Collaboration], arXiv:hep-ex/0503053.

[21] F. Ardellier et al., arXiv:hep-ex/0405032; F. Ardellier et al. [Double Chooz Collaboration], arXiv:hep-ex/0606025.

[22] X. Guo et al. [Daya Bay Collaboration], arXiv:hep-ex/0701029. [23] P. Huber, M. Lindner, T. Schwetz and W. Winter, arXiv:0907.1896 (hep-ph). [24] S. Geer, Phys. Rev. D 57 (1998) 6989 [Erratum-ibid. D 59 (1999) 039903] [arXiv:hep-ph/9712290].

[25] A. De Rujula, M. B. Gavela and P. Hernandez, Nucl. Phys. B 547, 21 (1999) [arXiv:hep-ph/9811390].

[26] A. Bandyopadhyay et al. [ISS Physics Working Group], Rept. Prog. Phys. 72, 106201 (2009) [arXiv:0710.4947 [hep-ph]].

[27] S. Geer, O. Mena and S. Pascoli, Phys. Rev. D 75, 093001 (2007) [arXiv:hep-ph/0701258].

[28] A. D. Bross, M. Ellis, S. Geer, O. Mena and S. Pascoli, Phys. Rev. D 77, 093012 (2008) [arXiv:0709.3889 [hep-ph]].

[29] J. Tang and W. Winter, arXiv:0911.5052 [hep-ph].

[30] A. Bross, M. Ellis, E. Fernandez-Martinez, S. Geer, T. Li, O. Mena and S. Pascoli, arXiv:0911.3776 [hep-ph].

[31] P. Zucchelli, Phys. Lett. B 532 (2002) 166; arXiv:hep-ex/0107006. [32] A. Cervera, A. Donini, M. B. Gavela, J. J. Gomez Cadenas, P. Hernandez, O. Mena and S. Rigolin, Nucl. Phys. B 579 (2000) 17 [Erratum-ibid. B 593 (2001) 731] [arXiv:hep-ph/0002108].

[33] J. Burguet-Castell, M. B. Gavela, J. J. Gomez-Cadenas, P. Hernandez and O. Mena, Nucl. Phys. B 608 (2001) 301 [arXiv:hep-ph/0103258].

[34] H. Minakata and H. Nunokawa, JHEP 0110 (2001) 001 [arXiv:hep-ph/0108085]. [35] G. L. Fogli and E. Lisi, Phys. Rev. D 54 (1996) 3667 [arXiv:hep-ph/9604415]. [36] V. Barger, D. Marfatia and K. Whisnant, Phys. Rev. D 65 (2002) 073023 [arXiv:hep-ph/0112119].

[37] M. Mezzetto, J. Phys. G 29 (2003) 1771 [arXiv:hep-ex/0302007]. [38] M. Mezzetto, Nucl. Phys. Proc. Suppl. 143 (2005) 309 [arXiv:hep-ex/0410083]. [39] A. Donini, E. Fernandez-Martinez, P. Migliozzi, S. Rigolin and L. Scotto Lavina, Nucl.

Phys. B 710 (2005) 402 [arXiv:hep-ph/0406132].

[40] A. Donini, E. Fernandez-Martinez and S. Rigolin, Phys. Lett. B 621 (2005) 276 [arXiv:hep-ph/0411402].

[41] A. Donini, D. Meloni and S. Rigolin, Eur. Phys. J. C 45 (2006) 73 [arXiv:hep-ph/0506100].

[42] P. Huber, M. Lindner, M. Rolinec and W. Winter, Phys. Rev. D 73 (2006) 053002 [arXiv:hep-ph/0506237].

[43] J. E. Campagne, M. Maltoni, M. Mezzetto and T. Schwetz, JHEP 0704 (2007) 003 [arXiv:hep-ph/0603172].

[44] S. K. Agarwalla, A. Raychaudhuri and A. Samanta, Phys. Lett. B 629, 33 (2005) [arXiv:hep-ph/0505015].

[45] A. Donini, E. Fernandez-Martinez, P. Migliozzi, S. Rigolin, L. Scotto Lavina, T. Tabarelli de Fatis and F. Terranova, Eur. Phys. J. C 48, 787 (2006) [arXiv:hep-ph/0604229].

[46] C. Volpe, J. Phys. G 34, R1 (2007) [arXiv:hep-ph/0605033].

[47] S. K. Agarwalla, S. Choubey and A. Raychaudhuri, Nucl. Phys. B 771, 1 (2007) [arXiv:hep-ph/0610333].

[48] A. Donini et al., Eur. Phys. J. C 53 (2008) 599 [arXiv:hep-ph/0703209]. [49] A. Jansson, O. Mena, S. J. Parke and N. Saoulidou, Phys. Rev. D 78, 053002 (2008) [arXiv:0711.1075 [hep-ph]].

[50] S. K. Agarwalla, S. Choubey and A. Raychaudhuri, Nucl. Phys. B 798 (2008) 124 [arXiv:0711.1459 [hep-ph]].

[51] P. Coloma, A. Donini, E. Fernandez-Martinez and J. Lopez-Pavon, JHEP 0805, 050 (2008) [arXiv:0712.0796 [hep-ph]].

[52] D. Meloni, O. Mena, C. Orme, S. Palomares-Ruiz and S. Pascoli, JHEP 0807, 115 (2008) [arXiv:0802.0255 [hep-ph]].

[53] S. K. Agarwalla, S. Choubey, A. Raychaudhuri and W. Winter, JHEP 0806 (2008) 090 [arXiv:0802.3621 [hep-ex]].

[54] S. K. Agarwalla, S. Choubey and A. Raychaudhuri, Nucl. Phys. B 805, 305 (2008) [arXiv:0804.3007 [hep-ph]].

[55] W. Winter, Phys. Rev. D 78 (2008) 037101 [arXiv:0804.4000 [hep-ph]]. [56] W. Winter, arXiv:0809.3890 [hep-ph].

[57] S. Choubey, P. Coloma, A. Donini and E. Fernandez-Martinez, arXiv:0907.2379 [hep-ph]. [58] J. Burguet-Castell, D. Casper, J. J. Gomez-Cadenas, P. Hernandez and F. Sanchez, Nucl. Phys. B 695, 217 (2004) [arXiv:hep-ph/0312068].

[59] J. Burguet-Castell, D. Casper, E. Couce, J. J. Gomez-Cadenas and P. Hernandez, Nucl.

Phys. B 725, 306 (2005) [arXiv:hep-ph/0503021].

[60] C. Rubbia, A. Ferrari, Y. Kadi and V. Vlachoudis, Nucl. Instrum. Meth. A 568 (2006) 475 [arXiv:hep-ph/0602032].

[61] A. Donini and E. Fernandez-Martinez, Phys. Lett. B 641 (2006) 432 [arXiv:hep-ph/0603261].

[62] C. Rubbia, arXiv:hep-ph/0609235. [63] http://www.eurisol.org/site02/index.php

[64] http://beta-beam.web.cern.ch/beta-beam/docs.htm [65] M. Lindroos and M. Mezzetto, London, UK: Imperial College Pr. (2010) 154 p [66] P. Huber, J. Kopp, M. Lindner, M. Rolinec and W. Winter, Comput. Phys. Commun.

177 (2007) 432 [arXiv:hep-ph/0701187].

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

[68] M. Honda, T. Kajita, K. Kasahara, S. Midorikawa and T. Sanuki, Phys. Rev. D 75 (2007) 043006 [arXiv:astro-ph/0611418].

[69] M. Mezzetto, Nucl. Phys. Proc. Suppl. 155 (2006) 214 [arXiv:hep-ex/0511005].