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ABSTRACT: We consider a -Beam facility where 8Li and ®B ions are accelerated at v = 350,
accumulated in a 10 Km storage ring and let decay, so as to produce intense 7, and v,
beams. These beams illuminate two magnetized iron detectors located at L ~ 2000 Km
and L ~ 7000 Km, respectively. The physics potential of this setup is analysed in full
detail as a function of the flux. We find that, for the highest flux considered (10 x 108 ion
decays per year per baseline), the sensitivity to 613 reaches sin®26;3 > 1 x 10™%; the sign
of the atmospheric mass difference can be identified, regardless of the true hierarchy, for
sin® 2015 > 3 x 10~*; and, CP violation can be discovered in 70% of the d-parameter space
for sin? 2013 > 1073, having some sensitivity to CP violation down to sin?26;3 > 2 x 10~*
for |§] ~ 90°.
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1. Introduction

The results of solar [[[]-[f], atmospheric [, §], reactor [[]-[L12] and accelerator [LJ]-[L5]
neutrino experiments show that flavour mixing occurs not only in the hadronic sector, as

it has been known for long, but in the leptonic sector as well. The experimental results
2 |

point to two very distinct mass-squared differences, Amgol ~ 7.9%107° eV? and |AmZ,| ~

2.4x 1073 eV2. At present, only two out of the four parameters of the three-family leptonic
mixing matrix Upnns [[L4]-[L9] are known: 615 ~ 34° and a3 ~ 43° [RQ]. The other
two parameters, #13 and 9, are still unknown: for the mixing angle 03 direct searches
at reactors [J-[1]] and three-family global analyses of the experimental data give the
upper bound 613 < 11.5°; for the leptonic CP-violating phase § we have no information



whatsoever (see, however, ref. [R(]). We have no clue on the ordering of the neutrino mass
eigenstates, either, i.e. on the sign of the atmospheric mass difference Am2, , (of which
only the absolute value has been measured). It must be stressed that neutrinos being
hierarchically ordered (Am?2,, > 0) or with an inverted hierarchy (Am2,, < 0) makes a
big difference for cosmology and neutrino-less double S-decay experiments [R1].

The full understanding of the leptonic mixing matrix constitutes, together with the
discrimination of the Dirac/Majorana character of neutrinos and with the measurement of
their absolute mass scale, the main neutrino-physics goal for the next decade. In the recent
past, most of the experimental breakthroughs in neutrino physics have been achieved by
exploiting the so-called “disappearance channels”: by observing a deficit in the neutrinos
that reach the detector with respect to those expected to be emitted from the source, a
positive and eventually unambiguous signal of neutrino oscillations has been established.
New-generation experiments have been proposed to look for the fleeting and intimately
related parameters ;3 and ¢ through “appearance channels” such as v, < v, (the “golden
channel”) 23] and v, — v, (the “silver channel”) [R3]. However, strong correlations be-
tween 613 and § [P4] and the presence of parametric degeneracies in the (613,) parameter
space, BY-R7], make the simultaneous measurement of the two variables extremely dif-
ficult. A further problem arises from our present imprecise knowledge of atmospheric
parameters, whose uncertainties are far too large to be neglected when looking for such
tiny signals as those expected in appearance experiments ]

Most of the proposed solutions to these problems imply the combination of different
experiments and facilities, such as reactors (Double Chooz [Rg] should start data taking
in 2008), Super-Beams (of which T2K [B(] is the first approved one), $-Beams [BI]] or
the Neutrino Factory [B3, BJ]. To compare different options and to understand which of
them is the one to be pursued as a future neutrino facility, a list of observables to be
measured has been defined: 6;3; the CP-violating phase §; the sign of the atmospheric
mass difference (hereafter called s, ); the deviation from fo3 = 45°; the fa3-octant (if
023 # 45°). Aside from these measurements, a new facility should also reduce the present
errors on atmospheric and solar parameters.

A comparison of all the proposed facilities based on this “shopping list” has been
presented in the International Scoping Study of a future Neutrino Factory and Super-
Beam facility (ISS) Report [B4]. The outcome of this comparison is that the “ulti-
mate” neutrino oscillation experiment is a Neutrino Factory with 20-30 GeV stored muons,
whose (anti)neutrino fluxes aim at two 50 Kton magnetized iron detectors located at
L € [2000,4000] Km and L ~ 7000 Km from the source, respectively. The goal lumi-
nosity for such facility is 1 x 10%! useful muon decays per year per polarity per baseline.
The nearest competitor of this setup is a high v (v € [300,600]) 5He/'®Ne 3-Beam aiming
at a 1 Mton water Cerenkov detector located at L = 650 Km from the source. The nominal
luminosity of this second facility is 2.9 x 10*® 6He (1.1 x 10'® 8Ne) useful ion decays per
year.

In this paper we consider the same physics case of these two setups, namely, 613 <
3° and out of the reach of the next generation of approved experiments. We propose a
setup based on an intense 8Li/®B 3-Beam accelerated at high v, v = 350, aiming at two



magnetized iron detectors located at L = 2000 Km and L = 7000 Km, respectively. We
have studied the performance of this setup as a function of the flux. The outcome of our
analysis is that the physics reach of such a facility, according to the “shopping list” defined
above, is comparable with that of the two reference Neutrino Factory-based and -Beam-
based setups defined above if a flux of 10 x 10'® 8Li/®B ion decays per year per baseline
could be achieved.

The paper is organized as follows: in section [ we present the physics case for the setup
proposed in this paper; in section f§ we describe the neutrino fluxes, the vN CC cross-
sections, the detector, the signal and the expected backgrounds; in section [j we present
the physics performance; in section | we eventually draw our conclusions. In appendix [A]
we review the accelerator-related aspects of our setup discussing, when possible, the main
differences with respect to “standard” (-Beams.

2. The physics case for a v = 350 double baseline Li/B (3-beam

An example of the physics performances of different setups is shown in figure [[ (taken
from ref. B4]). In the figure, setups are compared focusing on two of the observables
listed above, namely the sensitivity to saum, figure [[(left), and to the CP-violating phase 4,
figure [[[(right). The thick solid line refers to a Neutrino Factory with 1 x 10?! useful muons
per year per polarity, where stored muons have an energy in the range £, € [20,30] GeV,
aiming at a 50 Kton magnetized iron detector (whose characteristics have been described in
ref. [Bg]) located at L = 4000 Km from the source. This facility is compared with a 3-Beam
with 6He (®Ne) ions accelerated at v = 350 (580), aiming at a 1 Mton water Cerenkov
detector located at L = 650 Km from the source (dashed line). The (anti)neutrino flux of
the latter is 2.9 x 108 (1.1 x 10'8) useful ion decays per year. This setup was proposed in
ref. [B6, B as a possible alternative to the Neutrino Factory if 613 < 3°, i.e. out of reach
for the approved Double Chooz and T2K experiments.! In this case only neutrino beams
of a new design, such as §-Beams or the Neutrino Factory, can observe a signal through
the “golden channel” v, — v, [2.

As it can be seen from the figure, the Neutrino Factory single baseline setup outper-
forms the high-y He/Ne (3-Beam when looking for satm, due to its longer baseline. However,
it is severely outperformed by the latter when looking for 6. This happens because the
average neutrino energy for NF-based setups is, generally, much above the v, — v, oscilla-
tion peak for the considered baselines. As a consequence, the (613,0) intrinsic degeneracy is
particularly harmful, resulting in a reduced sensitivity to . The sign degeneracy is also the
cause of a severe loss of sensitivity to ¢ for intermediate 613, 613 € [1°,3°], see refs. [0}, [].

This problem is cured in three steps: (1) adding a second (identical) detector located
at the so-called “magic baseline” [24, f2], L ~ 7000 Km; (2) using new oscillation channels

"We recall that the sensitivity of these experiments to 613 is 013 > 5°(sin2 2013 > 0.03) for Double
Chooz [@] and 613 > 3°(sin® 2013 > 0.01) for T2K-I [@] In case of a positive signal, new experiments
will be launched to look for a CP-violating signal (something out of reach for T2K-I, for which only a v,
flux will be produced) and to improve the precision on 613. Notice that in the experiments of the next
generation, no sensitivity to satm is expected, due to the (relatively) short baselines of these experiments
(see, however, ref. [@])
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Figure 1: Comparing performances at the ISS: the Neutrino Factory baseline setup. ;From

ref. [B4).

(the “silver” and “platinum” channels [Rd, [l]); and, eventually, (3) with an improved mag-
netized iron detector, with a very good efficiency to select the charge of CC v,, events with
E, > 10GeV and a non-vanishing? efficiency for CC v, events down to E, > 1GeV [[i4].

The three improvements have a similar effect: they help in solving the degeneracy
problem in the region of small but not-vanishing 613 (where the problem of parametric
degeneracy is more severe). After these changes with respect to the single baseline option,
the Neutrino Factory setup and the high-y He/Ne (-Beam have comparable sensitivity to
6, with the 8-Beam performing slightly better than the Neutrino Factory for large 613, and
the Neutrino Factory besting the S-Beam for small #13. Eventually, the double baseline
Neutrino Factory setup improves further its impressive sensitivity to sa.tm with respect to
the single baseline option, thanks to the second baseline of L ~ 7000 Km.

After the comparison performed in the framework of the ISS report, the Neutrino
Factory Reference Setup (NF-RS) is defined as follows: a Neutrino Factory with 1 x 10%!
useful muons per year per polarity per baseline, with E,, € [20,30] GeV; the beam is aimed
at two 50 Ktons “improved” magnetized iron detectors (MIND proposal, as described
in ref. [i4]) located at L € [1500,4000] Km and at the magic baseline, L ~ 7100 Km,
respectively. A variant of this detector includes magnetized emulsions (or liquid Argon)
to look for CC v, events and take advantage of v, — v, or v, — v, (see MIND-HYBRID
proposal, again in ref. [[4]).

This setup is rather expensive and extremely demanding from the technical point of
view (both things are, of course, highly correlated). In particular, to produce and maintain
such an intense neutrino flux, state-of-the-art technology is not enough. A short-list of
technical problems still to be solved to pursue this setup consists (at least) of:

(1) the design of a target that can survive a sustained 4MW proton current (the MERIT
R&D experiment is currently studying this problem, [[5]);

2The baseline detector [@] has a vanishing efficiency for CC v, events for E, < 10 GeV.



(2) the amount of muon cooling that is needed to accelerate and fill the storage ring
such as to maintain the desired neutrino flux must be evaluated. Different options
to cool the muons including Linac’s, FFAG’s or hybrid techniques are under inves-
tigation (the MICE R&D experiment is currently studying the possibility to cool
muons through LINAC’s, [iff], whereas a nested FFAG’s chain is under construction
in Japan);

(3) the expected radioactivity in the proximity of the target and of the storage ring must
be studied and, if huge, reduced to acceptable levels.

Some of these problems are common to alternative options and some are peculiar to
NF-based setups. For example, R&D on new targets is useful for very intense Super-
Beams, also, whereas activation of the storage ring is a concern of 3-Beam options, too.
A new proposal should be compared with the reference setup (as defined above) taking
into account at the same time the physics performance according to the “shopping list”,
its technical feasibility and its cost.

We face the same physics case considered for the NF-RS and the high-y He/Ne (-
Beam (i.e., 13 < 3°) by taking advantage of some of the specific characteristics of the two
facilities. We consider, thus, a setup based on an intense 8Li/®*B -Beam accelerated at
high ~, v = 350, aiming at two magnetized iron detectors located at L = 2000 Km and
L = 7000 Km, respectively.

This proposal is the natural conclusion of a series of theoretical, experimental and
accelerator achievements:

e In ref. [B1] the idea of accelerating radioactive ions and store them so as to produce
intense v.(7,) beams was advanced. In the original proposal, 5He/'®Ne ions were
boosted at v ~ 100 using existing infrastructures at CERN, producing v,(7.) beams
aimed at a 1 Mton water Cerenkov detector to be located in a newly excavated cavern
at the Fréjus underground laboratory, L = 130 Km down the source. The physics
reach of this setup was studied in ref. [I7]—[Eg].

e In refs. [B, B7] it was proposed to accelerate the same two ions, 6He and '®Ne, at a
much higher v (v = 350 and 580, respectively), aiming again at a 1 Mton detector
water Cerenkov detector to be located at a newly excavated cavern at the Canfranc
underground laboratory, L = 650 Km from the source. Such a high Lorentz boost
factor could only be attained at CERN using new infrastructures. A new SPS, the
SPS+, is actually under discussion in the framework of the planned LHC maintenance
and upgrade programme [B(]. Alternatively, the TeVatron could be used for the last
acceleration stage (see, e.g., ref. [BI]). This setup greatly outperforms the “low”-y
one discussed above and could compete with NF-based setups in the sensitivity to
CP violation.

e In ref. 53, FJ, the “ionization cooling” technique to produce intense 8Li and ®B
beams was proposed (the latter being out of reach with standard ISOL-type targets).



The feasibility of this method will be studied in full detail in the framework of the
EURO-v Design Study [p4].

e In ref. [5Y], some of the authors of this paper proposed the use of a “cocktail” of
8Li/®B and %He/'®Ne (-beams at v = 100 (the maximum that can be achieved
with existing CERN infrastructures) illuminating a 1 Mton water Cerenkov detector
located at L = 650 Km, so as to solve some of the parametric degeneracy from which
the measurement of (013,0) is afflicted. This setup is only useful in the case of large
013, due to its statistical limitations.

e In refs. [5d, p7], the possibility of using a high-y ®He/!®Ne 3-Beam illuminating a
(MINOS-like) 50 Kton magnetized iron detector located at L = 732 Km down the
source was explored. The existing cavern at the Gran Sasso underground laboratory
could be used for such a compact detector. This setup is also statistically limited,
though.

e Eventually, in refs. [5§, f9 a v = 350 8Li/®*B 3-Beam illuminating a 50 Kton mag-
netized iron detector (INO [B(]) located at L = 7100 Km down the source was
proposed, to take advantage of the resonant matter effects so as to measure sy, for
sin 26,3 > 1073.

The main difference of using 8Li/®B instead of ®He/'®Ne ions is that the end-point
energy of the 8Li/ 8B B-decays is Q3 ~ 13MeV (to be compared with Qg ~ 3.5MeV for
6He/!8Ne). With a Lorentz boost factor of v = 350, a (relatively) high mean neutrino
energy in the laboratory frame, E, ~ 6 GeV is achievable. Tuning the neutrino flux to
the v, — v, oscillation peak, therefore, the corresponding baseline is considerably longer
than that of the the high-y He/Ne 3-Beam. For this reason, a good sensitivity to the mass
hierarchy is foreseen. A further consequence of having an energetic neutrino flux is that we
can safely use dense detectors with a good muon identification efficiency, as an alternative
to the water Cerenkov technology.

We will therefore consider the neutrino beam to be aimed at two 50 Kton magnetized
iron detectors of the MIND-type, located at L = 2000 Km (at the oscillation peak) and at
the “magic baseline”, L ~ 7000 Km, as in the NF-RS.

Notice that, since one of the baselines is tuned to the oscillation peak, this setup is
expected to suffer from a much softer degeneracy problem with respect to NF-based setups
(as it was the case for the high-y He/Ne $-Beam). The longer baseline (L ~ 7000 Km)
is far from the first oscillation peak but close to the baseline at which the (anti)neutrino
oscillation probabilities present a resonant enhancement for normal (inverted) hierarchy,
thus providing excellent sensitivities to the mass hierarchy [B§, b9, Fl]]. This baseline is also
very close to the “magic baseline” [P4, i, at which matter effects cancel the dependence
of the oscillation probability on §. The sensitivity to ¢ is then lost at this baseline, but
combined with the “on-peak” oscillation data at the nearer detector (L ~ 2000 Km), the
(013,0) intrinsic degeneracy and the sign degeneracy that afflict the shorter baseline can be
easily solved, achieving very good sensitivities to CP violation, also.



3. Signal and backgrounds

The -beam concept was first introduced in ref. B)]. It involves producing a huge number
of B-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 v, or I, beam.
“Golden” sub-leading transitions, v, — v, and ¥, — ¥, can then be measured through
muon observation in a distant detector. The (-beam concept shares with the Neutrino
Factory two main advantages with respect to conventional beams (where neutrinos are
obtained via pion decay): a) the neutrino flux is pure (for a 8-beam, only v, or 7, neutrinos
are present in the flux), thus decreasing the beam-induced background, and b) the neutrino
spectrum can be exactly computed, thus strongly reducing flux systematics.

The neutrino flux per solid angle in a detector located at distance L from the source,
aligned with the boost direction of the parent ion is [B]:

dd

de | Ng
dSdy

oo L2 g(ye)

v (1 —y)V (1 —y)® — g2, (3.1)

where 0 < y = MLEO <1—Ye, Yy = me/Ep and

g(ye) = % {\/ 1—y2(2 = 9y7 — 8y¢) + 15y, log L—yi\/l——y?] } : (3.2)
where «y is the Lorentz boost factor. In this formula Ej represents the electron end-point
energy in the center-of-mass frame of the S-decay, m. the electron mass, F the energy of the
final state neutrino in the laboratory frame and Ng the total number of ion decays per year.
The key parameter in the optimization of the G-beam flux is the relativistic v factor:
if the baseline is tuned to be at an oscillation peak for v, — v, transitions, the statistics
that can be collected in the detector scales linearly with  [BI]. This can be derived from
eq. (B]) as follows: in the hypothesis of linear dependence of the total neutrino-nucleon
CC cross-section on the neutrino energy and for L/E tuned to the n-th v. — v, oscillation
peak, the number of events expected in the far detector located at distance L is:
Am? \? ~
2n — 1> FEens

Nevents X N,B < (33)

where E¢ns is the mean neutrino energy in the center-of-mass frame of the §-decay (with
(E) = 2yE¢ms). Applying this formula, the signal statistics in the far detector increases
linearly with the boost factor v and the number of decays per year Ng, and it decreases
linearly with the mean neutrino energy.

3.1 Choice of f*-emitters

Three parameters that are crucial to determine the choice of the optimal (-emitters are
Eems, the ion half-life T} 5 and Z. First of all, from eq. (B.3), it can be seen that the
lower the mean neutrino energy Fems, the larger the statistics.® Secondly, the ion half-life

3Notice, however, that this formula is not appropriate for neutrino energies below 1GeV, where the
cross-section energy dependence is E* with k > 1. This is, on the other hand, the typical range of energies
considered for “low” = B-beams. The formula applies in the energy range considered in this paper, though.



Element | A/Z | Ty (s) | Qp eff (MeV) | Decay Fraction
BNe 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 1: A/Z, half-life and end-point energies for three 3™ -emitters (1Ne and ®B) and two 5~
emitters (*He and 3Li). All different 3-decay channels for '®Ne are presented [f3].

T/ must be long enough to accelerate the ions to the desired energy and short enough to
allow a large number of them to decay in the storage ring such as to produce an intense
neutrino beam. Eventually, assuming a limited space charge capacity of the storage ring,
low-Z isotopes can be stored in larger number than high-Z isotopes [(7).

In table [ we remind the relevant parameters for four ions: '®Ne and %He, 8Li and
8B. As it was stressed in the literature (starting with ref. [B1]), He has the right half-life
to be accelerated and stored such as to produce an intense 7, beam using existing CERN
infrastructures. According to the prescriptions given above, '®Ne has been identified as
the best candidate as BT -emitter, although its half-life is twice that of ®He. Other ions
were originally discarded for different reasons: for example, 33Ar is too short-lived to be
accelerated to the desired energy (77, = 0.17 s). As it can be seen in table M, ®Li and
8B are good alternatives to 5He and '®Ne as 57- and [t-emitters, respectively. ®Li has
similar half-life, Z and A/Z to SHe, thus sharing the key characteristics needed for the
bunch manipulation. 8B has a lifetime similar to that of ®Li and %He. Its A/Z is similar
to that of !8Ne, instead, although its Z is much smaller (which could in principle allow to
store a larger amount of ions in the PS and in the SPS). This ion, however, is difficult to
produce with standard ISOLDE techniques (it reacts with many elements typically used
in ISOL targets and ion sources and it is therefore barely released). For this reason it
was originally discarded as a possible St-emitter. Notice that both ®Li and ®B have a
much larger end-point energy than the two reference ions, though. As a consequence, at
fixed 7, a longer baseline is needed to tune the L/F ratio to the first oscillation peak with
respect to He or ®Ne beams, and thus a smaller signal statistics is expected in the far
detector. Therefore, the expected sensitivity to 613 (at fixed flux and detector mass) of such
beams is smaller than that for a “standard” beam with 7, and v, produced via °He and
8Ne decays [f8. The end-point energy for 8Li and ®B decays being larger, nonetheless,
a smaller « is needed to reach the desired neutrino energy in the laboratory frame. Since
the v choice depends in last instance on the facility that is used to accelerate the ions, it
is then possible to reach higher neutrino energies using the same facility to accelerate the
ions to be stored.

A detailed study of the attainable production rate of ®Li and ®B using ISOLDE tech-
niques is lacking. Intense fluxes of both ions could be in principle produced using the



“ionization cooling” technique proposed in ref. [FJ], that will be studied in the framework
of the EURO-v Design Study, [54]. Notice that it is not difficult to produce an intense Li
flux: using a thin Ta foil ISOL target, it is possible to produce 6 x 10® ®Li ions per uC,
to be compared with 6 x 105 He ions per uC [64. The case of 8B is different: this ion
was previously discarded as a ST-emitter since it is extremely difficult to produce at a suf-
ficient rate with ISOLDE techniques. However, using the “ionization cooling” technique,
sustained 8Li and ®B production is supposed to be at reach through the reactions “Li + D
— 8Li 4+ p and 5Li + 3He — ®B 4 n. We will assume in the rest of the paper that 8Li/®B
ion fluxes can be produced at least as efficiently as “He/'®*Ne ones.

3.2 Choice of v

Four classes of setups have been considered so far: v ~ 10 (“very low” v) [Bg], v ~ 100
(“low” ), with a typical baseline of O(100) Km for **Ne and ®He [3§, i[9, bg] or O(700)
for 8B and ®Li [BH, BJ; v ~ 300 (“high” ), with L = O(700) Km [B§, B7, E6, 57, 7 for
18Ne and ®He or O(7000) for ®B and ®Li [pg, B9, f1]; and v > 1000 (very “high” =), with
baselines of several thousands kilometers, comparable with those suggested for the Neu-
trino Factory [BG, p7, pg]. The three higher - ranges are related to different CERN-based
facilities: the SPS, with v < 250; the SPS+, with v < 600; and the LHC, with v > 1000.

We recall that the SPS+ is a new synchrotron that uses fast cycling superconducting
magnets, located in the SPS tunnel. Its construction has been proposed in the framework
of the LHC maintenance and upgrade programme [p(J]. Such a facility should be able to
accelerate particles up to 1 TeV. Injecting protons into the LHC at 1 TeV strongly reduces
the dynamic effects of persistent currents and stabilizes the operation of the collider. This
would ease operation of the LHC and permit to increase luminosity up to 103> cm™2s7!
and, if needed, prepare it to double the operating energy (“DLHC” phase) [69]. Using the
SPS—+ as a final stage of acceleration for a S-Beam is not in conflict with LHC operations,
since the SPS+ operates as injector only for a small fraction of its duty time (in the LHC
filling phase).

The SPS+ as the final booster of the -Beam is not the only possibility that can be
envisaged to reach the multi-GeV regime. After injection of the ions from the SPS to the
LHC, a mini-ramp of the LHC itself would bring the ions at v = 350. Differently from
the previous case, this option would however require allocation of a significant fraction of
the LHC duty cycle for neutrino physics, and it could be in conflict with ordinary collider
operations. A third option is to use the TeVatron at FermilLab as the last acceleration
stage (see, for example, ref. [F1]).

3.3 Fluxes and cross-sections

In the He/Ne (-Beams analyses it was shown that the minimal goal luminosities required
for physics are 2.9 x 10'® useful ion-decays per year for the 3~ -emitter and 1.1 x 10'*® useful
ion-decays per year for the St-emitter [B6, B, K7

Lacking a detailed study of the achievable 8Li and ®B fluxes, in the rest of the paper
we consider three possible values for the S-beam flux:*

4Notice that, as in the NF-RS, we consider identical fluxes for the two detectors. As it is explained in



o Nominal flux
In this case, 2 x 10'® decays per year per baseline for both 8Li and ®B are considered.
These fluxes are close to the “standard fluxes”, i.e. 2.9 x 10'® and 1.1 x 10'® decays
per year for He and '®Ne.

o Medium flux
In this case, fluxes of 5 x 10'® decays per year per baseline for both ions are assumed.

o Ultimate fluzx
For this most optimistic scenario, fluxes of 10 x 10'® decays per year per baseline for
both ions are considered.

We remind that an intense ®Li (but not 8B) beam could be produced using well-studied
ISOLDE techniques. An interesting option could be to start a first phase with an intense
v, flux aiming at the two detectors for a five year period, whilst building the facility needed
to produce the ®B beam that would be used in the second phase.

As it is shown in the appendix, no specific drawback in the acceleration and storage
phase for using Li/B instead of the standard He/Ne ions is expected. For this reason, we
assume that the “nominal flux” could be safely used at this setup, if shown to be achievable
for standard setups. An increase of the ion flux up to the “ultimate flux” is believed to
be possible (see ref. [{0]). Notice, moreover, that due to the higher energy of this setup
compared to standard He/Ne options, the atmospheric neutrino background is expected to
be significantly lower and a larger number of bunches can be thus injected into the storage
ring, as it will be explained at the end of this section.

We have considered identical fluxes for 8Li and ®B ions, in the absence of a clear
indication of a significant asymmetry in the ion production stage (differently from the
He/Ne case, see appendix). Neutrino fluxes for the Li/B [-beam computed at L = 2000
Km from the source for the “ultimate flux” are shown in figure J(left).

In figure [(right) the v and © cross-sections on iron used, taken from ref. [[71], are
shown. Notice that, for the setup proposed in this paper, most of the neutrinos have multi-
GeV energies, and therefore the vN cross-sections are dominated by the deep inelastic part.
Thus, the details of the different cross-sections present in the literature are not as relevant
as it was in the case for lower energies neutrino beams.

3.4 The detector

Traditional technologies for v production (conventional beams and superbeams) allow the
investigation of the 1-3 sector of the leptonic mixing matrix through the appearance of
Ve and 7, at baselines > 100 km, i.e. through the information encoded in the v, — v, and
v, — U, transitions probabilities. In that context, optimal far detectors are low-density,
massive electromagnetic calorimeters (liquid scintillators, water Cerenkov or liquid Argon

TPC’s [)).

appendix @, this does not mean that the number of ions circulating in the storage ring must be twice the

number considered for single detector setups.
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Figure 2: Left: ($-beam fluxes at a L = 2000 Km baseline as a function of the neutrino energy
for 8B (dashed line) and 8Li (solid line), for an integrated flux of 10 x 10'® useful decays per year.
Right: the vN and 7N charge current total cross-sections on iron, .

On the other hand, both #-Beams and Neutrino Factories exploit the T-conjugate
channel v, — v, and 7, — 7,. An important difference of the S-Beam with respect to the
Neutrino Factory is that in the former only v, (7.) are present in the beam, whereas in the
latter both v, and 7, (or 7e,v,) are present. Therefore, in a ($-Beam-based experiment
final lepton charge identification is not needed. This usually allows for the use of large
water Cerenkov detectors, something impossible at the Neutrino Factory, where magnetized
detectors are mandatory when looking for v, — v, oscillations. In both cases, calorimetric
measurements are needed to reconstruct the neutrino energy.5 In our setup neutrinos are
produced by the S-Beam with a (relatively) high energy (E, ~ 6 GeV) with respect to
the low-y (E, ~ 300 MeV) and the high-vy (E, ~ 1GeV) He/'®Ne setups. For the high-y
8Li/®B -Beam, the use of dense detectors is therefore possible. In particular, the choice of
the passive material of the calorimeter depends on the typical range of the primary muon;
the latter must be significantly larger than the interaction length to allow for filtering of
the hadronic part and effective NC and v, CC selection. For neutrinos of energies greater
than ~1GeV, iron offers the desired properties. As a consequence, the energy reached at
the SPS+ can be exploited to switch from a low-Z to a high-Z /high-density calorimeter also
in the case of the §-Beam. The use of iron detectors avoids the need for large underground
excavations, which are mandatory for §-Beams of lower v energies. Since these detectors
are capable of calorimetric measurements, they can be exploited even better than water
Cerenkov to obtain spectral informations. They are not expected to reach, anyhow, the
granularity of liquid argon TPC’s or the megaton-scale mass of water Cerenkov’s. Hence,
in spite of the underground location, they cannot be used for proton decay measurements
and low-energy astroparticle physics.

Several techniques can be employed for the design of the active detectors of large mass
iron calorimeters. A detailed study of a magnetized iron detector suitable for a v = 350

5The only notable exception concerns “monochromatic Beta Beams” [@] based on ions decaying through
electron capture. Energy reconstruction with these beams serves to suppress backgrounds, though.
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sin2 2913 ) Satm NEOOO NgOOO NZOOO N177000

© © © ©

0.01 90° | + | 59 20 155 2
0.01 -90° | + | 206 | 103 | 170 1
0.01 90° - 235 95 3 67
0.01 -90° | - 47 274 6 62
0.001 90° | + 139 10 15 0
0.001 —90° | + 15 36 20 0
0.001 90° - 81 7 0 7
0.001 -90° | - 21 64 2 6
Ve(7e) non-osc/10? 61.4 | 262 | 5.0 2.1

Table 2: Event rates (with perfect efficiency) for a 5 years exposure to a 10 x 10'® ion decays
per year flux, for several choices of sin? 263, § and the mass hierarchy. The expected number of
non-oscillated events at the two baselines are also given.

6He/'®Ne (-Beam was performed in ref. [fd]. The design of the detector was based on
glass Resistive Plate Chambers (RPC). In the context of the 3-Beam, the advantage of
using RPC’s mainly reside on their low production cost, along the line investigated by
the MONOLITH [[f4] and INO [BQ] collaborations. Magnetization of the detector could in
principle be removed in the present analysis, since at the -Beam no significant 7, flux that
must be distinguished from the v, — v, signal is produced. Removing the magnetization
of the detector can be used to reduce costs on the detector side, if it is not necessary to
reduce possible backgrounds.

3.5 Signal event rates

In table f] we show the total expected event rates when each detector (assuming perfect
efficiency) is exposed to the “ultimate flux” for five years of data taking, for several choices
of sin? 2613, § and the mass hierarchy. The other oscillation parameters are fixed to the
following values: 612 = 33°, fa3 = 45°, Am3; = 8 x 107°eV? and Am3; = 2.6 x 1073 eV?.
The non-oscillated expected rates are also shown. Notice that we do not study v, disap-
pearance data in our setup (see ref. [B1] for such a study at the L = 7000 Km baseline)

Notice the strong complementarity between the two baselines:

e The event rates at the 2000 Km baseline show a strong dependence on both the
CP-violating phase § and the sign of the atmospheric mass difference. Neutrino
(antineutrino) events are enhanced for positive (negative) values of § and normal
(inverted) hierarchy. This strong dependence on both unknowns is also the source
of strong degeneracies, when the effect of § is able to compensate that of the mass
hierarchy. Such a situation can be seen in the second and third rows of table ], where
very similar event rates are found at the L = 2000 Km baseline for § = —90° and
Satm = + and for 0 = 90° and s,tm,m = —. For this reason, with only one detector the
sensitivity to the mass hierarchy would be limited to positive (negative) values of §
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for a normal (inverted) hierarchy, where the effects of § and the mass hierarchy push
in the same direction (see eg. figure (19) of ref. [[g]).

e On the other hand, it can be seen that the event rates at the L = 7000 Km baseline
are practically insensitive to the CP-violating phase ¢ (as this baseline is so close
to the “magic baseline”, where §-dependence vanishes). The dependence on the
mass hierarchy is, however, very strong, with a nearly resonant enhancement of the
neutrino (antineutrino) oscillation probability if the hierarchy is normal (inverted),

regardless of the value of ¢ (see refs. B8, B9, p1]).

The combination of both baselines can thus provide an unambiguous determination of both
the CP violation phase and the mass hierarchy for large regions of the parameter space.

3.6 Backgrounds, efficiencies and systematic errors

The G-Beam flux illuminating the detector can be considered, with a very high accuracy,
a pure v, beam. An undesired v, and 7, beam contamination could in principle originate
from the daughter ions produced in the -decay that collide with the storage ring magnets,
acting as a fixed target. This background was studied in ref. [B]] for 6Li ions and it is
smaller than 10™*. The beam contamination induced by '®F and ®Be ions has not been
studied in detail, but it is supposed to be similar to that of Li, and thus negligible.

When looking for v, — v, oscillations at a $-Beam, the main source of beam back-
ground are v, CC interactions (with a non-observed electron) or NC interactions in which a
pion or some other meson produced in the hadronic shower mimics a muon track. Another,
sub-dominant, possible background source are v, CC (again, with a non-observed electron)
or NC interactions in which a charmed-meson is produced that eventually generates a
muon through a semileptonic decay. It is clear that measuring the charge of the muon will
strongly reduce both backgrounds (for v.N — e~ DT X, the final u* has opposite charge
with respect to the signal, v, N — pu~X).

A full simulation of the response of a magnetized iron detector to the beam proposed
in this paper is lacking. In ref. [5@] the signal identification efficiency of such a detector for
SHe boosted at v = 350 and '8Ne boosted at v = 580 (i.e. for a neutrino energy around
1GeV) was found to be of the order of 50-60%. On the other hand, in the framework
of the ISS report [B4], a detailed study of the MIND detector exposed to the Neutrino
Factory beam (i.e. for a neutrino energy around 30 GeV) has been presented, finding a v,
identification efficiency in the energy range of interest as high as 70%.

In ref. [B6], it was found that the probability for the background to mimic a CC-like
event is around 1%. A rather large beam-induced background was therefore expected
for this setup, as the consequence of the limited pion rejection capability of this detector
compared with more challenging 3-Beam or Neutrino Factory detector designs. This large
background was mainly caused by the (relatively) low energy of the neutrinos. At the
typical neutrino energy of a 8Li/®B v = 350 3-Beam, these backgrounds are much easier
to suppress in iron calorimeters. Consistently, in ref. [@] this background was completely
neglected, on the basis of the simulations by the INO collaboration. Moreover, in refs. [B5,
P2, 4] the fractional backgrounds for a 50 GeV Neutrino Factory beam targeting an iron
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calorimeter were found to be around or below 10~ for the region around 5GeV. Since in
our setup there is no such a strong down-feed of the background from high energy neutrinos,
we expect 107* to be a pessimistic upper limit for the beam-induced background.

In the numerical analysis below, event rates have been divided into nine bins between
1.5 and 10.5 GeV, with AE = 1 GeV. The detector energy resolution has been implemented
through a gaussian resolution function with o = 0.15 x E. We have considered a constant
v,/ 7, identification efficiency of 65% and a constant fractional background equal to 1075 of
the unoscillated events per bin. We have also studied the impact of the beam background
on the physics performance of the setup increasing the fractional background up to 1074,
showing explicitly that the effect is small for any of the considered observables.

A separate discussion is required for the atmospheric neutrinos that interact inside
the detector or in its proximity, giving rise to muon events that can be confused with the
signal. This background was studied at a 3-Beam, both for water Cerenkov [B6, [7q] and iron
detectors [F1, Bd, 7). The number of muons produced by atmospheric neutrinos crossing
the detector aligned with the §-Beam flux was found to be of the order of tens of events
per Kton per year. This background would completely dominate the oscillation signal (see
table ]). It is therefore mandatory to reduce it by a proper timing of the ion bunches.

In order to have a good time correlation of the signal with the neutrino flux produced
at the source, the ions circulating in the storage ring must occupy a small fraction of it.
The ”suppression factor” (Sy) is defined as:

X Atbunch X Nbunch

S (3.4)

Lring

where v ~ ¢ is the ion velocity. For ®He/!®Ne ions boosted at v = 100 (E ~ 300 MeV), the
suppression factor must be Sy ~ 10~3. Such a tight S + can be achieved with a challenging
Atyunch=10 ns time-length, with a maximum of Nyunen = 8 bunches circulating at the
same time.

At higher energies (e.g. v = 350 for SHe, £ ~ 1.2GeV), however, the atmospheric
background is suppressed by about one order of magnitude with respect to v = 100. Sy
can thus be correspondingly relaxed.® The average neutrino energy for high-y ®Li/®B
ion beams being F ~ 6 GeV, moreover, an extra suppression of the atmospheric neutrino
background is expected with respect to the high-y “He/'®Ne ion beams. As it can be seen
from figure 2 of ref. [[7, for example, the atmospheric neutrino flux decreases about two
orders of magnitude passing from 1 to 6 GeV. As a consequence, less demanding bunch
time-lengths are acceptable for the setup proposed in this paper, thus simplifying the
storage ring design. For this reason, in the numerical analysis presented in section { we
have neglected the atmospheric neutrino induced background.

We have, eventually, considered a 2.5% and 5% systematic errors on the signal and
on the beam-induced background, respectively. They have been included as “pulls” in the

SNotice that the suppression factor scales with 1/~. Thus, in the case of ions circulating at v = 350,
the bunch-length (v X Atpbunch) gets Lorentz-contracted. Therefore, maintaining the same Atpynch as for
the He/Ne setups, we can inject a larger number of bunches into the storage ring, thus increasing the
neutrino flux (provided that the injection system can sustain the increased request of bunches and/or ions
per bunch).

— 14 —



statistical y? analysis. The effect of increasing these errors to 10% and 20%, respectively,
was also considered. It has been found that the impact is negligible.

The following 1o errors for the oscillation parameters were also considered: d619 = 1%,
6623 = 5%, Am3, = 1% and Am3; = 2%. If O3 turns out to be maximal the error on
f23 could be larger than the 5% we assumed. We studied the effect of increasing the
error to 10% which is almost the present uncertainty given that this parameter will not be
measured by the proposed setup. We have checked that our results are not significantly
affected by considering such an error. Eventually, an error A = 5% has been considered
for the Earth density given by the PREM model. Marginalization over these parameters
has been performed for all observables. The Globes 3.0 [7§] software was used to perform
the numerical analysis.

4. Results

In this section we present the performance of the considered setup on some of the items
in the “shopping list”. Not all of them are accessible at this setup. In particular, to probe

possible deviations of A3 from maximal mixing and eventually measure the s3-octant, very

2

precise measurements of fy3 and AmZ,,,

are required. These are best achieved through the
v, — v, and v, — v; channels. These channels are not accessible at 3-Beams, though,
since only v, are present in the beam. We will thus not address these measurements in this
section. These oscillations however occur in atmospheric neutrinos and could be studied in
the two detectors proposed in this setup. The combination of this data with the study of
the golden channel of the 3-Beam could provide some sensitivity to these unknowns (see,
e.g., refs. [66, {9, BA)).

On the other hand, the golden channel has excellent sensitivity to 613, 6 and the mass
hierarchy. Lacking a detailed study of the maximum achievable ®Li and B fluxes, we will
present the results for three fluxes, as defined in section fJ. As we will see, this is the key
factor limiting the sensitivity of the setup, since its very long baselines limit the statistics
at the detectors. We have also studied the impact of the beam-induced background and
of the systematic errors on the performance of the experiment. We will show that these
uncertainties do not affect significantly the physics reach of the setup.

4.1 0,3 discovery potential

In figure B we present our results for the 613 discovery potential, defined in the following
way: the values of 613 and J in the plots represent the “true” values of these parameters,
i.e. the input values assumed to generate the number of events that would be measured at
the detector. A “true” mormal hierarchy is also assumed. For each of these input values,
the x? for 13 = 0 (marginalized in the rest of the parameters) was computed. If the value
of the x2 > 9, then the hypothesis that 6;3 = 0 can be rejected at 3¢ for those “true”
values of #13 and §.

In the top left panel we present the sensitivities to #13 of the two baselines considered.
The (green) dashed line corresponds to the sensitivity to 613 with the detector at 2000 Km.
The maximal sensitivity, sin® 2015 > 1.5x 1074, is achieved for 6 = 90° and § = —90°, when
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Figure 3: 30 6,3 discovery potential. Top left: comparison of baselines for a flux of 1 x 10'° useful
ion decays per year. Dashed stands for L = 2000 Km; dotted for L = 7000 Km and solid for the
combination of the two; Top right: the impact of the flux for the combination of the two baselines.
Dotted stands for 2 x 108, dashed for 5 x 10'® and solid for 1 x 10 useful ion decays per year;
Bottom left: the impact of the beam-induced background for the combination of the two baselines
and a flux of 1 x 10'? useful ion decays per year. Dotted stands for a background of 10~* times the
non-oscillated events, solid for 10~° times the non-oscillated events; Bottom right: the impact of
systematic errors for the combination of the two baselines and a flux of 1 x 10'? useful ion decays per
year. Solid stands for systematics of 2.5% and 5% on the signal and the background, respectively:
dotted for systematics of 10% and 20% on the signal and the background, respectively.

event rates for neutrinos and antineutrinos peak, respectively. The (red) dotted line is the
sensitivity to #13 with the detector at 7000 Km. Notice that, in spite of the longer baseline,
the sensitivity is similar to the one achievable with the 2000 Km detector. This can be
understood from the resonant enhancement of the mixing angle through matter effects at
this baseline. Notice also that the § dependence of the sensitivity is much milder, since the
detector is located near the magic baseline, where the terms involving § vanish. Eventually,
the (blue) solid curve is the sensitivity to 613 for the combination of the two baselines. In
this case, 613 can be measured for any value of § provided that sin? 26,3 > 2 x 10~%.

In the top right panel we study the dependence of the #;3-sensitivity on the neutrino
flux. Fluxes of 2x10'® (red dotted line), 5x 10'® (green dashed line) and 1x 10 (blue solid
line) useful ion-decays per year per baseline have been considered, for the combination of
the two baselines. The more or less linear increase of the sensitivity with the flux indicates
that the experiment performance is statistics-dominated.

The bottom left panel shows the impact of the beam-induced background on the 6;3-
sensitivity for the combination of the two baselines for a flux of 1 x 10! useful ion decays
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Figure 4: 30 CP discovery potential. Top left: the impact of the flux for the L = 2000 Km
baseline. Dotted stands for 2 x 108, dashed for 5 x 10'® and solid for 1 x 10! useful ion decays
per year; Top right: the same, for the combination of the two baselines. Bottom left: the impact
of the beam-induced background for the combination of the two baselines and a flux of 1 x 10'?
useful ion decays per year. Dotted stands for a background of 10~ times the non-oscillated events,
solid for 1075 times the non-oscillated events; Bottom right: the impact of systematic errors for the
combination of the two baselines and a flux of 1 x 102 useful ion decays per year. Solid stands for
systematics of 2.5% and 5% on the signal and the background, respectively: dotted for systematics
of 10% and 20% on the signal and the background, respectively.

per year. Backgrounds of 1075 (blue solid line) and 10™* (red dotted line) of the total
unoscillated events are considered. Notice that even increasing the background by an
order of magnitude the loss of sensitivity is very small. On the other hand, decreasing
the fractional background below 10~° has no effect whatsoever. This background is thus
equivalent in practice to no background.

Eventually, in the bottom right panel we present the impact of the systematic errors
on the #3-sensitivity for the combination of the two baselines for a flux of 1 x 10 useful
ion decays per year. The systematic errors are increased from 2.5% and 5% (blue solid
line) on the signal and the background, respectively, to 10% and 20% (red dotted line). It
can be seen that the impact of systematic errors is negligible.

4.2 CP discovery potential

In figure | we present our results for the CP discovery potential, defined in the following
way: the values of 13 and ¢ in the plots represent the “true” values of these parameters. A
“true” normal hierarchy is also assumed. For each of these input values, the x? for § = 0°
and § = 180° (marginalized in the rest of the parameters) were computed. If the value of
the x2 > 9, then the hypothesis that CP is conserved can be rejected at 3¢ for those “true”
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values of #13 and §. Obviously this can never happen if the “true” value of J is either 0°
or 180°, hence no sensitivity is found in stripes around those values of J.

In the top left panel we present the CP discovery potential for the three different fluxes
at the 2000 Km baseline. Notice that for the “nominal flux”, 2 x 10'® useful ion decays per
year (red dotted line), the low statistics at the detector and the presence of degeneracies
at CP-conserving values of § spoil the discovery potential of the experiment. In this case
there is no sensitivity to CP violation whatsoever. For the intermediate flux, 5 x 10'8
useful ion decays per year (green dashed line), some areas in which CP violation can be
discovered appear. Sensitivity is again lost around sin?26;3 = 4 x 1073 for negative §
and for sin? 26013 < 1073 for positive . Even for the “ultimate flux”, 1 x 10! useful ion
decays per year (blue solid line), the CP discovery potential for negative values of 4 around
sin? 2613 = 4 x 1073 is lost. This is because sign degeneracies at § = 180° appear and
do not allow to unambiguously determine CP violation, even if the true value of § is CP-
violating. This is the so called “m-transit” which also spoils the sensitivity of the L ~ 3000
Km detector of a Neutrino Factory for negative values of § and sin®26;3 = 3 x 107 (see
figure 8 of [{]).

However, as we will see in the next subsection, excellent sensitivities to the mass hi-
erarchy can be achieved at the far detector observing the resonant enhancement of the
neutrino or antineutrino oscillation probability depending on whether the hierarchy is nor-
mal or inverted. The combination of the data taken at the two detectors can thus solve
the sign degeneracy at m-transit and provide sensitivity to CP violation also for that region
of the parameter space. Moreover, at the L = 7000 Km, close to the “magic baseline”,
the effects of CP violation vanish providing a clean measurement of 613 that can greatly
improve the CP discovery potential when combined with the data at 2000 Km. This com-
bination is depicted in the top right panel of figure [], where now very good sensitivities to
CP violation can be obtained for sin® 2613 > 1.5 x 10~*. Notice that we would get the same
results for the combination of the two baselines in case an inverted hierarchy were assumed.

In the bottom panels the impact of the beam-induced background (left) and of the
systematic errors (right) on the CP discovery potential is studied, finding again that their
effect is marginal.

4.3 Sensitivity to the mass hierarchy

In figure f| we present our results for the sensitivity to the mass hierarchy, defined in the
following way: the values of 613 and § in the plots represent the “true” values of these
parameters. A given “true” hierarchy is also assumed. For each of these input values,
the x? for the opposite mass hierarchy (marginalized in the rest of the parameters) was
computed. If the value of the x2 > 9, the wrong hierarchy can be rejected at 3o for those
“true” values of 613 and 4.

In the top panels we present the sensitivity to the sign of the atmospheric mass differ-
ence for the combination of the two baselines and three different fluxes, for normal (left) and
inverted (right) hierarchy. Notice that at 7000 Km either the neutrino or the antineutrino
oscillation probability becomes resonant [5§, 1], depending on the mass hierarchy. As a
consequence, the sensitivity to the sign of the atmospheric mass difference at this baseline
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Figure 5: 30 sensitivity to the mass hierarchy. Top left: the impact of the flux for the combination
of the two baselines and normal hierarchy. Dotted stands for 2 x 108, dashed for 5 x 10'® and solid
for 1 x 10 useful ion decays per year; Top right: the same, for inverted hierarchy. Bottom left:
the impact of the beam-induced background for the combination of the two baselines and a flux of
1 x 109 useful ion decays per year. Dotted stands for a background of 10~* times the non-oscillated
events, solid for 10 times the non-oscillated events; Bottom right: the impact of systematic errors
for the combination of the two baselines and a flux of 1 x 10'° useful ion decays per year. Solid
stands for systematics of 2.5% and 5% on the signal and the background, respectively: dotted for
systematics of 10% and 20% on the signal and the background, respectively.

is excellent: in ref. [BY], indeed, sensitivity to sam at 30 down to sin®26;5 > 1 x 1073
(for v = 350 and “standard” fluxes) is achieved. In our setup, due to the combination
of the two baselines, a slightly better sensitivity is at reach for “nominal flux”, down to
sin? 26,3 = 8x 10~4(1x1073) for normal (inverted) true hierarchy, whereas sensitivity down
to sin? 26013 = 2 x 107%(4 x 10™*) is achievable for the “ultimate flux”. These sensitivities
are enough to lift the sign degeneracy at the m-transit that causes the loss of sensitivity to
CP violation for negative values of § (compare top left and top right panels in figure f).
In the bottom panels, we again show the impact of the background (left) and of sys-
tematic errors (right), respectively. The effect of both is found to be very small also in this

case.

4.4 Asymmetric detectors

Up to this moment we have considered a symmetric setup in which two identical MIND-like
50 Kton detectors are located at L = 2000 Km and L = 7000 Km. The far detector is
exploited, as explained in the section [, to solve the sign degeneracy in a CP-independent
environment. To perform this task, however, it is not necessary to have such a large
detector mass, due to the resonant effect in oscillation probabilities in matter for 6 GeV
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Figure 6: Comparison at 30 between the performance of two detectors with equal masses (50 Kton
each) and an alternative setup considering an 80 Kton near detector and a 20 Kton far one. In all
plots, solid lines correspond to the symmetric setup and dashed lines to the asymmetric one. The
left, middle and right panels show the 63, § and mass hierarchy discovery potentials, respectively.
The results have been obtained considering a flux of 1 x 10'® ion decays per year per straight section
of the storage ring, a 10~° fractional background and a systematic error of 2.5% on the signal and
5% on the background.

neutrinos at this baseline. At the price of losing some sensitivity to the hierarchy, thus,
we can move some of the far detector mass to the near detector, increasing in this way the
sensitivity to #13 and 9.

This is shown in figure [, where we present our results for the sensitivity to 613, and
the mass hierarchy for an asymmetric setup with a 20 Kton MIND-like far detector and
an 80 Kton (otherwise identical) near one. The left, middle and right panels show the 613,
¢ and mass hierarchy discovery potentials, respectively. The results have been obtained
considering the “ultimate” flux, a 107> fractional background and a systematic error of
2.5% on the signal and 5% on the background. Solid lines stand for the symmetric 50 Kton
case and dashed for the 80/20 Kton option.

As it was expected, we can see that the sensitivity to the hierarchy is slightly worse.
In particular, we lose some sensitivity for § = 0,7, going from sin?26;3 < 2 x 107 to
sin?26015 < 3 x 10™%. The sensitivity loss for other values of § is less significant. The
same sensitivity loss for § = 0,7 is observed in the 613 discovery potential. However,
we can see that an increase in the 6;3-sensitivity is achieved for || = 7/2: we go from
sin? 2015 < 1 x 10~* to sin® 26015 < 7 x 107°. This can be easily understood from the top
left panel of figure Bl The 63 discovery potential at 2000 Km peaks for || = 7/2 due to the
increase in the neutrino (antineutrino) oscillation probability for § = 7/2 (6 = —7/2). On
the other hand, at the magic baseline the § dependence of the sensitivity is very mild and
it is more strongly constraining #13 near the CP-conserving values of §. The CP-violation
discovery potential, depicted in the middle panel, improves for any value of §. In particular,
for |§| ~ 7/2 we go from sin? 26013 < 1.5 x 107 to sin? 26013 < 9 x 107°.

Therefore, depending on the specific interest in a given physics observable, a symmetric
setup or an asymmetric one should be adopted. Adding mass to the near detector favors
the sensitivity to CP-violation, whereas increasing the size of the far detector favors the
mass hierarchy discovery potential.
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5. Conclusions

We have tried to study a (-Beam setup capable of addressing the most relevant unmea-
sured neutrino oscillation parameters: #;3, the CP-violating phase  and the neutrino mass
hierarchy s,¢m, solving the degeneracies among them. The setup proposed in this paper is a
high-y (v = 350) ®Li/®B 3-Beam aimed at two 50 Kton MIND-like magnetized iron detec-
tors located at L = 2000 Km (on-peak) and L = 7000 Km (i.e. near the "magic” baseline)
from the source. We have considered a constant 65% muon identification efficiency for the
detectors, a 10~° beam-induced fractional background and 2.5% and 5% systematic errors
on the signal and on the background, respectively. We have studied the sensitivity to 613,
§ and saum of this setup as a function of the flux (using 2 x 10'® 5 x 10'® and 10 x 10'®
useful ion decays per year per polarity per baseline). We have also studied the dependence
of the sensitivities on the beam-induced background and on the systematic errors.

This setup is the natural development of a series of proposals that have been presented
in the literature. On the technical side, we take advantage of: the “ionization cooling”
technique to produce intense ®Li and ®B beams (the latter being out of reach with standard
ISOL-type targets) [5J]; the possible replacement of the SPS at CERN with a new machine
(the SPS+) [B0], that would allow to boost ions up to v = 350 [Bd]; and, the study
of a magnetized iron detector optimized for a multi-GeV neutrino beam [[i4]. On the
phenomenological side, we have combined some of the features of the two most ambitious
options identified in the ISS report, namely a double baseline (L ~ 4000 and L ~ 7000 Km,
respectively), high flux (102! useful muons per year per polarity per baseline), high-energy
(E, ~ 30GeV) Neutrino Factory (NF-RS) [B4], and the high-y ®He/!®Ne S-Beam aimed
at a 1 Mton water Cerenkov located (on-peak) at L = 650 Km down the source B4, B7-
The former has excellent sensitivity to 613 and to the mass hierarchy (due to its long
baselines and to the combination of the two detectors, that allows to measure st down to
sin? 2013 > 3 x 107°). The latter has excellent sensitivity to CP violation, outperforming
the NF-RS for sin?26;53 > 1073, Since it is located on-peak and with very small matter
effects that can mock true CP violation, it could detect a non-vanishing ¢ for more than
80% or even 90% of the parameter space if 63 is not too small (see the right panel of
figure [l). The (too) short baseline, however, spoils its sensitivity to the mass hierarchy
(see the left panel of figure [l).

The shorter baseline in our setup, L = 2000 Km, has thus been chosen so as to set the
v, — v, oscillation at its first peak for the typical neutrino energies of the v = 350 8Li/*B
[-decays. Being on-peak helps in resolving the (613, d) intrinsic degeneracy (a significant
advantage with respect to the single baseline Neutrino Factory setup). If only this detector
were used, however, our results would still be strongly plagued by sign degeneracies because
of its longer baseline with respect to the high-y He/Ne -Beam. The combination of this
baseline with the 7000 Km “magic” baseline, on the other hand, removes these degeneracies
(alike the second baseline at the Neutrino Factory, [B4]) Moreover, as it was shown in
refs. 5§, BY], the high-y Li/B has huge resonant matter effects at the 7000 Km detector for
energies around 5-6 GeV, that are missed by the (higher energy) Neutrino Factory setups.

The combination of the two baselines, thus, provides good sensitivity to the three
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observables. Notice that, if the “medium” or the “ultimate flux” can be achieved, this
would be the only (-Beam-based setup capable of simultaneously probing CP violation
and the neutrino mass hierarchy in the range sin?2613 € [3 x 107*,1 x 1072]. The main
drawback is its low statistics compared to the He/Ne setup (with a shorter baseline and
larger detector) or to the NF-RS (whose flux is two orders of magnitude above the most
optimistic ion flux considered here).

Using the “ultimate flux” (10 x 10'®), the sensitivity to 613 is sin?2613 > 2 x 1074,
regardless of the value of §. For specific values of § close to maximal CP violation, || ~ 90°,
the sensitivity reaches sin? 2613 > 10~%, thus outperforming any Super-Beam or low-vy (-
Beam setup and being competitive with the v = 350 He/Ne scenario (see figure 103 of
ref. B4]). For extremely small values of 613 the NF-RS is, of course, unbeatable.

It should be stressed that the comparison of our setup with “ultimate flux” with the
high-v He/Ne -Beam is not completely fair, though, the “ultimate flux” being roughly five
times larger than the “standard flux” used in the latter. However, we have shown that the
613 sensitivity of our setup is limited by the statistical error, as it can be seen in figures fi,
and [|. This is not the case for the high-y He/Ne -Beam, whose sensitivity is dominated
by systematics and backgrounds (notice that the statistics at this setup is, with “standard
flux”, approximately ten times larger than for the high-v Li/B 3-Beam with “ultimate flux”,
see ref. [B6]). Notice, eventually, that the suppression factor Sy needed to reduce to accept-
able levels the atmospheric muon backgrounds is much smaller for the high-y Li/B §-Beam
with respect to low- and high-y He/Ne beams, due to the higher average neutrino energy
(see section [). For fixed bunch time-length Aty = 10 ns, therefore, a higher number
of bunches can be injected into the storage ring, thus making an increase in the flux easier.

The CP-violating phase d can be measured in approximately 70% of the § parameter
space for sin? 2013 > 1073, Some sensitivity to § is achieved for |§] ~ 90° down to sin? 20,5 >
10~*. Comparing this with figure 105 of ref. [B4], we again find that this setup outperforms
all Super-Beams and low-y 8-Beam scenarios. It is, however, outperformed by the high-v
He/Ne ($-Beam (that covers around a 85% of the § parameter space down to sin®26;3 >
2 x 1073, with some sensitivity down to sin?2613 > 5 x 107 for |§| ~ 90°) and by the
NF-RS (that covers around a 80% of the § parameter space down to sin? 20;3 > 2 x 1074,
with some sensitivity down to sin? 2613 > 2 x 107 for |§| ~ 90°).

As for the sensitivity to the mass hierarchy, we find that the true hierarchy could
be identified if sin?26;5 > 3 x 10~* for any value of §, with some sensitivity down to
sin? 26,3 > 1074 for 5] ~ 90°. Compared with figure 104 of ref. [B4], only the NF-RS (with
sensitivity down to sin? 2013 > 2 x 107°) can beat the high-y Li/B $-Beam, the rest of the
considered facilities being between one and two orders of magnitude worse.

Depending on the specific interest in a given physics observable the mass ratio of the
near and far detectors can be varied. Increasing the mass of the near detector improves
the sensitivity to CP-violation, whereas increasing the size of the far detector improves the
mass hierarchy discovery potential.

In summary, we think that the combination of the “on peak” and “magic” baselines at a
high-v Li/B 8-Beam is a very powerful tool to solve degeneracies and find good sensitivities
to the most relevant unknown parameters of the leptonic flavour sector. This setup is,
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however, limited by the statistical error and would strongly benefit of any improvement on
the neutrino flux, detector mass or efficiency.
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A. The acceleration and storage chain

We show in figure [] a schematic view of the infrastructure needed to produce and accelerate
the ion beam. Notice that this scheme was designed for “standard” He/!®Ne beams. The
main difference with respect to our scheme, in which 8Li/®B ions are produced, is the target.
Instead of an EURISOL target station, we need a device in which produce a sustained
8Li/®B flux using the “ionization cooling” technique. For details on the ion production,
see refs. [p9, BIJ. In the rest of this appendix we will make some comment on differences
and similarities of the He/Ne setups (for v = 100 or 350) with the one used in this paper.
Numbers quoted here are taken from the EURISOL collaboration webpage [B3, B4]. They
have been computed for ®He and '®Ne ions boosted at v = 100, trying to achieve the goal
luminosity of 2.9 x 10'® 6He and 1.1 x 10'® 8 Ne ion decays per year, respectively.

A.1 Proton driver

In the baseline design, the proton driver is the proposed Super Proton Linac (SPL), a multi-
MW (~ 4 MW, E, =2.2GeV [BY| or 3.5 GeV [Rf, B7) machine aimed at substituting the
present Linac2 and PS Booster (PSB). Contrary to naive expectation, however, a multi-MW
booster is not needed for the construction of a 3-Beam or an EURISOL facility.” Any of the
possibilities currently under discussion at CERN for the upgrade of the PSB, based either
on Rapid Cycling Synchrotron’s or on Linac’s, represents a viable solution for the produc-
tion stage of a -Beam complex. In the framework of the LHC maintenance and upgrade
programme, the PAF committee [5(] suggested the substitution of the Linac2 with a new
Linac (Linac4) that will inject protons into the PSB at 160 MeV. This would allow produc-
tion of ~ 2x10'3 ®He/s for 200 kW on target, consistent with the current SPL-based design.

"The SPL (or a similar proton driver) is mandatory, instead, for a low-energy neutrino SuperBeam @]
or for a Neutrino Factory.
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Mini-ramp (up to 1 TeV) of the LH(
Super-SPS (1 TeV)

(RSS)
PS (as in present design)

Linac4 +
RCS (200 kW)

EURISOL-like Pre—iniect
target re—injector

Proton driver ECR

Figure 7: The main components of the $-Beam production and acceleration complex. In the
lower part, the machines considered in the baseline option are indicated (where RCS stands for
Rapid Cycling Synchrotron). The alternatives that profit of the LHC maintenance and upgrade
programme are mentioned in the upper part. The Rapid Superconducting Synchrotron [@] (RSS)
is a possible upgrade of the PS. Eventually, the Super-SPS is presently known as “SPS+".

A.2 Ton production

According to the latest numbers by the EURISOL collaboration [B]], 5 x 10'3 He atoms/s
and 2 x 102 8Ne atoms/s can be produced using standard BeO and MgO ISOL targets,
respectively. No relevant changes in these numbers are expected using a different design
for the proton driver. The ¥ Ne production rate is still low to obtain the goal luminosity
1.1 x 10'8 v, /year.

Once isotopes are produced, they are collected and ionized using an ECR ion source.
Tonization efficiency at this stage is *®Ne is 29%, whereas for the ®He flux is 93% [BJ].

A.3 Acceleration stage

In table f] we give the relevant parameters, extracted from ref. [B3], for the acceleration
stage of He/Ne ions up to v = 100 in the standard (reference) setup. At the same time, we
compute the values of the same parameters for Li/B ions injected and accelerated using
the same setup up to v = 100. We assume for Li/B the same number of ions injected per
second in each stage as for He ions. Notice that no asymmetry is expected for Li/B, since
both ions have similar Z, A and T}/, (see table fl). This is not the case for 6He and '8Ne,
whose production and ionization stages differ significantly.

Unfortunately, we cannot perform a similar computation of these parameters for the
setup actually used in this paper (i.e. accelerating Li/B ions up to v = 350) in the absence
of a detailed technical specification of the acceleration chain.

The standard acceleration stage consists of four steps:

1. Tons are accelerated to 7 = 1.1 introducing them into a LinAc (where **Ne ions get
fully ionized).
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‘He 18Ne 8Li B
LINAC
(Injected ions/s)/10*2 | 17.1 [R] 5.25 B3] 17.1 17.1
Vfinal .11 B3 1.11 B3 1.10 1.10
RCS (L = 251 m)
(Injected ions/s)/10'% | 8.53 [BJ 2.62 B3 853 | 8.53
Vfinal 1.84 B3 2.77 [R3 1.9 2.9
P (KW) <0.1 <0.1 <01 | <01
tace(s) 0.0475 [BJ] | 0.0475 [BJ] | 0.0475 | 0.0475
PS (L = 628 m)
(Injected ions/s)/10'% | 1.84 [BJ 1.25 B3] 1.84 1.84
Yfinal 933 By | 1553 [R3 | 103 | 174
P (KW) 0.8 1.0 1.1 1.3
P/L (W/m) 1.3 1.6 1.8 2.1
tace(s) 0.8 B 0.8 [BJ 0.8 0.8
SPS (L = 6912 m)
(Injected ions/s)/10'% | 1.59 [BJ 1.20 [B3 1.61 1.68
Yfinal 100 100 100 100
P (KW) 3.0 1.8 3.4 2.2
P/L (W/m) 0.4 0.3 0.5 0.3
tace(s) 2.54 B3 1.42 B3 2.2 1.2

Table 3: Relevant beam parameters at the different acceleration stages of the standard S-Beam
setup for *He/'8Ne and ®Li/®B.

2. They are then injected into the Rapid Cycling Synchrotron (RCS), where they reach
Yorre = 1.8 and yisy, = 2.8 (ys; = 1.9 and s = 2.9). The transfer efficiency
from the LinAc to the RCS is 50%, only. The different v reached at the end of this
phase depends on the different A/Z, at fixed magnetic field, radius and acceleration
time (tace ~ 0.05 s). No significant power losses (see, e.g., ref. [B4]) are expected at
this stage (< 0.1 KW), for any of the considered ions. No benefit from the LHC
maintenance and upgrade phase is expected.

3. After the RCS, ions are transported and injected into the PS. Once in the PS, they
are accelerated up to ye, = 9.3 and yisy, = 15.5 (987, = 10.3 and ysg = 17.4),
in ty,ec ~ 0.8 s. Significant power losses are expected at this stage, for any of the
considered ions:® Psy, ~ 0.8 KW, Pisy, ~ 1.0 KW, Ps;; ~ 1.1 KW, Psg ~ 1.3 KW.
This corresponds to a power loss per meter of Psp,./Lps = 1.3 W/m, Pisy,./Lps =

8We have computed the number of lost particles and the dissipated power at each acceleration stage

— 25 —



1.6 W/m, Ps;;/Lps = 1.8 W/m, Psg/Lps = 2.1 W/m. These values exceed the
permitted upper limit, 1 W/m. This is a well known problem, see e.g. ref. [pZ]
and [R], that must be solved if we are to use the PS at CERN as a second stage ion
beam accelerator.

This acceleration stage could greatly benefit of the LHC maintenance and upgrade
programme. The PS is the oldest machine in the CERN complex, and it has been
proposed to replace it with a new 50 GeV synchrotron (called “PS2”) [p0]. Using the
PS2, substantial improvements are expected.

4. After coming out of the PS, ions are transported and injected into the SPS with no
significant expected losses. In this last acceleration stage, they are boosted to v = 100
integ, =2.5s and tisy, = 1.4 s (ts;; = 2.2 s and tsg = 1.2 s). Power losses at this
stage are: FPog, = 3.0 KW, Pisy, = 1.8 KW, B, = 3.4 KW and FPsg = 2.2 KW.
In this case, due to the longer SPS circumference (L = 6912 m), the power loss per
meter is: Pep./Lsps = 0.4 W/m, Pisy./Lsps = 0.3 W/m, Ps;;/Lsps = 0.5 W/m
and Psp/Lgps = 0.3 W/m, well within acceptable limits for all considered ions.
The SPS+ would have an enormous impact on the design of a -Beam at CERN. A
detailed simulation of the acceleration and losses at this facility for any of the consid-
ered ions is lacking. Notice, however, that the proposed design fulfills simultaneously
the two most relevant requirements for a high energy (3-Beam booster: it provides a
fast ramp (dB/dt = 1.2 + 1.5 T/s [BY]) to minimize the number of decays during the
acceleration phase and it can increase the v boosting factor up to v < 600.

The outcome of our analysis is that accelerating He/Ne or Li/B ions using the same
acceleration chain up to the same final v will give similar results for particle losses and
dissipated power.

A.4 Storage ring

The increase of the ions energy in the last element of the booster chain represents a chal-
lenge [0]]. Tons of high rigidity must be collected in a dedicated ring of reasonable size. The
ring should have long straight sections (Lgtraight = 2500 m) oriented alongside the direction
of the far detector, with as small as possible curved sections (“racetrack” geometry). In
the baseline design with 5 T magnets [B1], the radius of the curved sections is R ~ 300 m.

Decays that provide useful v, /7, are those occurring in the straight section for which
ions travel toward the detector. The useful fraction of ion decays (also called “livetime”)

is defined as:
Lstraight

2Lstraight +27R

For the baseline design, since Lying = 2Lgtraight + 2R = 6911 m (i.e., as long as the SPS),
the livetime is l}?g/Ne =0.36 [BI].

lracctrack =

following ref. @], getting good agreement with ref. @] for the RCS and the SPS and for the particle loss
at the PS. However, our result for the power loss for °He and '®Ne in the PS differ from that reported in
ref. @] We do not understand the source of the disagreement. Notice that our conclusion is not affected
by this discrepancy, though: the total dissipated power at the PS exceeds presently allowed values.
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A decay ring with straight sections of the same length, equipped with LHC 8.3 T
dipolar magnets, would stack ions boosted at v = 350 at the nominal SPS+ rigidity with
a significantly larger radius (~ 600 m). The corresponding livetime is, thus, l%}r’g/Ne = 0.28.
This means that larger ion fluxes are needed to achieve the goal v, /7, luminosities.?

Our setup differs from both the baseline setup and the high-y ®He/!®Ne setup. First of
all, for a fixed magnetic field a somewhat shorter radius is needed to bend the 8Li/®*B beams
with respect to “He/'®Ne beams, due to the different A/Z (Rri/p = 533 m for v = 350).
As a consequence, a livetime l?L’E;(} 5 = 0.30 is obtained for a ring with a racetrack geometry.
However, since we propose to illuminate two detectors located at different baselines at the
same time, two racetrack geometry storage rings should be built.

An alternative option is to consider a different storage ring geometry. For a triangular

storage ring (as the one proposed also for some Neutrino Factory setups), we have:

Lo _ 2L straight
triangle (27TR T 3Lstraight)

For three straight sections Lgtraight = 2500 m and three arcs with R = 533 m curvature
radius, we have a livetime l%?(/) p = 0.46. Notice that with this geometry the storage ring is
Ly ing ~ 10 Km, not much larger than in the racetrack case. Eventually we remind that, in
this case, 23% of the ions circulating in the ring produce the neutrino beam aimed at each
of the two detectors. This must be compared with the single detector setup with racetrack
storage ring, where 30% of the ions produce a useful neutrino beam.

Activation of the ring in the baseline setup (SHe/'®Ne at v = 100) is under study.
Results presented at the last NuFact Conference seem to indicate that energy deposit at
the end of the straight sections is under control [0J]. Power losses and activation for
6He/'®Ne at higher v have not been computed in detail, however.

In the case of ®Li and ®B ion beams, no detailed study has been performed for any
v. The B~ -decay channel of 8Li is 8Li — 8Be — 2a. ®B also decays into ®Be and finally
to two a’s (it is the mirror nucleus of ®Li). The two a’s have the same A/Z as the Li,
and therefore the energy deposit should be located in the same part of the magnets at the
end of the ring straight sections. It must be reminded that the 8B f-decay spectrum is
affected by several systematics errors that must be tamed before using it for a precision
experiment (see ref. [BJ]).
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