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Foreword

Innovation can achieve its target by either an incremental or radical change
in knowledge. Neutrino physics is an outstanding field in this respect since,
in less than 100 years, three elusive fundamental particles have been postu-
lated, searched for, discovered, and characterized by giant steps requiring
radical innovations. In almost all cases, the innovation to be undertaken
was inconceivable by the same scientific community just a few years before.
Well-known are the words of W. Pauli, the neutrino inventor: “I have done
a terrible thing. I have postulated a particle that cannot be detected.” And
less than ten years later, F. Reines and C. Cowan were able to detect it,
apparently driven by the fact that everybody said it could not be done. Not
surprisingly, as F. Reines admitted “Clyne (Cowan) knew as little about
the neutrino as I did but he was a good experimentalist with a sense of
derring-do. So we shook hands and got off to working on neutrinos.”

The beta beam is no more than a recent invention in the neutrino physics
history: invention is the first occurrence of an idea for a new product or
process, while innovation is the first attempt to carry it out into practice
(J.E. Faberger, 2004). However, it will become a true innovation if it bene-
fits from the potential synergy among different scientific disciplines. If you
are not an insider in neutrino physics, this is your book: you will learn
about neutrino physics in the broadest sense, from theory to acceleration
and detection techniques, and you will have a very different view of the chal-
lenges and applications that are critical to the expansion of the beta beams
potential.

All elements are apparently present to motivate your active contribu-
tion to beta beams: just a few years ago, many scientists insisted that
they are conceptually impossible (still today, all artificial neutrino beams
are produced by meson decay, as pioneered by Lederman, Schwartz and

xiii
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Steinberger in the 60s). Therefore, don’t forget your sense of derring-do,
still necessary to pioneers of any time: if there are roses, they will blossom
and the next book on beta beams will include your contribution.

Piero Zucchelli



Chapter 1

Introduction

1.1 Neutrino Oscillations

1.1.1 Experiments

The observation of neutrino oscillations has now established beyond doubt
that neutrinos have mass and mix. This existence of neutrino masses is in
fact the first solid experimental fact requiring physics beyond the Standard
Model.

Since the early 1970s the chlorine solar neutrino experiment [1] pro-
vided evidence that electron neutrinos detected on earth were fewer than
expected. In the 1980s this fact was confirmed by the water Cerenkov
KamiokaNDE experiment [2] with a different detector threshold and the
capability to demonstrate that the signals collected were indeed coming
from the sun. A further experimental confirmation came in the early 1990s
following two gallium experiments [3, 4] with very low detection thresholds.
At the beginning of the 2000s, however, these experimental results were not
considered evidence for neutrino oscillation, basically for two reasons: they
were based on a comparison to theoretical predictions of the solar neutrino
fluxes and multiple solutions could be found for the oscillation parameters,
differing by several orders of magnitude to each other both in amplitude
and in the neutrino mass difference squared.

This “solar neutrino puzzle” was closed in 2002 with the results from the
SNO [5] and KamLAND [6] experiments. SNO, a heavy water Cerenkov so-
lar neutrino detector, could simultaneously detect three solar neutrino pro-
cesses: charged-current, elastic-scattering and neutral-currents, depending
on different ratios of the v, and v, + v, fluxes. In this way it was able
to assess in a model-independent way that the total neutrino flux on earth
(Ve+ vu+ v- ) was as expected while the v, flux (the only neutrino flavor
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generated on the sun) was indeed depleted, in a way compatible with the
previous solar neutrino experiments. The KamLAND experiment provided
at the same time a measurement of the disappearance of electron antineu-
trinos from nuclear fission reactors in Japan and Korea. This established,
in combination with the solar neutrino results, large mixing-angle (LMA)
MSW oscillations as the solution for the solar neutrino oscillations together
with a precise determination of the relevant neutrino mixing angle and of
the corresponding mass difference squared (see Table 1.1).

The first evidence of neutrino oscillation came from atmospheric neu-
trinos. Since the late 80s there have been indications from atmospheric
neutrino experiments that muon neutrinos disappear when going through
the earth. This was finally unambiguously demonstrated by the Super-
Kamiokande experiment in 1998 [7], a result well supported by the Soudan2
[8] and MACRO [9] experiments. This disappearance takes place at a much
shorter wavelength than for solar neutrinos (L/E~ 500 km/GeV) [10]; it is
not seen for electron neutrinos, a fact that has been best established by the
CHOOZ reactor experiment [11]. This disappearance has been confirmed
by two long-baseline experiments: the K2K experiment in Japan [12] and
MINOS in USA [13] (see Section 1.3.2).

A further, much more controversial, indication of 7,, — 7. oscillations
with a Am? of 0.3 - 20 eV? came from the beam dump LSND experi-
ment detecting a ~ 40 excess of T, interactions in a neutrino beam pro-
duced by 7T decays at rest where the 7. component was highly suppressed
(~ 7.8:107%) [14]. The KARMEN experiment [15], using a very similar tech-
nique but with a lower sensitivity (a factor 10 less for the lower Am?), and
the NOMAD experiment at WANF of CERN SPS [16], for Am? > 10 eV?,
did not confirm the result, excluding a large part of the allowed region of
the oscillation parameters. The results of the MiniBooNE experiment [17]
again did not confirm the LSND result, even though some non-standard
explanations, for instance sterile neutrinos [18] or v, disappearance [19],
have not been fully excluded.

1.1.2 Phenomenology

The above experimental observations are consistently described by three
families v, 19, 3 with mass values m1, mo and ms that are connected to the
flavor eigenstates v., v,and v, by a mixing matrix U, usually parameterized
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as
U(612, 023,013, 0cp) =

idcp

C13C12 C13512 S13€
. ) (1.1)
—C23512 — 513523€12€*°°T  C23C12 — 513523512€"°CP  C13523
1 1
523512 — S13C23C12€"°°F  —S23C12 — 513C23512€*°CF  c13€13
where the short-form notation s;; = sinf;j,c¢;; = cosf;; is used. As a

result, the neutrino oscillation probability depends on three mixing angles,
012, 023,613, two mass differences, Am3y, = m3 — m?, Am3; = m% — m3,
and a CP phase dcp. Additional phases are present in case neutrinos are
Majorana particles, but they do not influence neutrino flavor oscillations
at all. Furthermore, the neutrino mass hierarchy, the order by which mass
eigenstates are coupled to flavor eigenstates, can be fixed by measuring the
sign of Am3;. In vacuum the oscillation probability between two neutrino

flavors «, (3 is:

AmQ- L
P(vy — vg) ——4ZR6 5 sin? :I:ZZIm | sin TEjk’
k>j k>j v
(1.2)

where o = e, i, 7, 7 = 1,2, 3, Waﬂ = Ua;Uj,;Us Usk. In the case of only
two neutrino flavor oscillations it can be written as:

5 1.27 Am?2(eV?)-L(km)
E,(GeV)

When neutrinos pass through matter, the oscillation probability is per-
turbed [20] (see Eq. 1.5 in the following section). Two independent mass
splittings characterize the system, since oscillations only depend on the dif-
ference of squared masses. Although no formally agreed definition exists,
the usage is that the mass eigenstates are classified by decreasing electron-
neutrino content | < velv1 > %, | < vyl > %, | < vrlvg > |?. With this
definition, the mass of v; is not necessarily smaller than that of vs.

Since two-family neutrino oscillations in vacuum (Eq. 1.3) depend on
the mass difference as sin? (1.27Am?L/E), one cannot determine the sign
of Am? unless the oscillation interferes with another process; in the case
of electron neutrinos, this is offered by coherent scattering on electrons in
matter, a.k.a. matter effects.

The best-fit values and allowed range of values of the oscillation param-
eters at different CL obtained in [22] are shown in Table 1.1.

P(v, — vg) = sin” 26-sin (1.3)
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Table 1.1 Best-fit values, 20, and 3¢ intervals (1 dof) for the three
flavor neutrino oscillation parameters from global data including so-
lar, atmospheric, reactor (KamLAND and CHOOZ) and accelerator
(K2K and MINOS) experiments [22].

parameter best-fit 20 30

Am3, [10-%eV?] 7.651023 7.25-8.11 | 7.05-8.34
|Am3,| [10-3eV?) 2.407013 2.18-2.64 | 2.07-2.75
sin? 012 0.30475:9%2 | 0.27-0.35 | 0.25-0.37
sin? 23 0.5015:57 0.39-0.63 | 0.36-0.67
sin? 613 0.0119518 < 0.040 < 0.056

1.2 Three-family Oscillations and CP or T Violation

Three parameters have not yet been measured in neutrino oscillations: 6,3,
sign(Am3;) and dcp, all three fundamental parameters of the standard
model.

The mixing angle 6;3 is the key parameter of three-neutrino oscillations
and regulates at the first order all the oscillation processes that could con-
tribute to the measurement of sign(Am2;) and dcp.

The sign(Am3,) parameter is an internal degree of freedom in the neu-
trino sector; its value could be +1 (normal hierarchy), in which case v,
would be the lightest neutrino, or -1 (inverted hierarchy), for which v,
would be the heaviest (see Fig. 1.1). Its value is of great importance for
double-beta decay experiments [23] and for great unification model build-
ing.

The CP phase dcp is the holy grail of ultimate neutrino oscillation
searches. The demonstration of CP violation in the lepton sector (LCPV)
and the knowledge of the value of this phase would be crucial to under-
standing the origin of the baryon asymmetry in the universe, providing a
strong indication, though not proof, that leptogenesis is the explanation for
the observed baryon asymmetry of the Universe [24].

All these parameters can be measured via subleading v,, — v, oscilla-
tions that represent the key process of any future new discovery in neutrino
oscillation physics.

The importance of precision measurements of the already measured
neutrino parameters should not be underestimated. The atmospheric
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V3 V2
A mgol
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2
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V2
] A mgol
V1 V3

Fig. 1.1 The two three-neutrino mass schemes, normal and inverted hierarchy.

parameters can be precisely measured by long-baseline neutrino oscillation
experiments via the v, — v, oscillation process.

1.2.1 How to measure leptonic CP violation

After the discovery of neutrino oscillations in 1998, it was soon realized
that with three families and for a favorable set of parameters, it would be
possible to observe violation of CP or T symmetries in neutrino oscillations
[25]. This observation reinforced the considerable interest for precision
measurements of neutrino oscillation parameters.

The year 2002 was very encouraging for LCPV projects, since the LMA
solution emerged as the true solution for solar neutrino oscillations. Only
for this solution can leptonic CP violation be large enough to be observed
in high-energy neutrino oscillation appearance experiments.

This has led to extensive studies, such as those published in a CERN
yellow report [26], the European Network BENE [27] or the International
Scoping Study [28].

The phenomenon of CP (or T) violation in neutrino oscillations mani-
fests itself by a difference in the oscillation probabilities of say, P(v,, — v.)
vs P(7,, — 7.) (CP violation), or P(v, — v.) vs P(v. — v,) (T violation).

It can be observed right away that observation of this important phe-
nomenon requires appearance experiments; indeed a reactor or solar neu-
trino experiment, sensitive to the disappearance P (v, — v, ) which is clearly
time-reversal invariant, would be completely insensitive to it. This can be
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seen as an advantage in view of a precise and unambiguous measurement
of the mixing angles; for the long-term goal of observing and studying CP
violation, we are confined to appearance experiments.

The v,, — v, transition probability in case of small matter effects can
be parameterized as [29]:

2 Am%g,L 2a

P(v, — ve) = 4¢3 5575555 sin 18, X 1+ A, (1—2s35)
2 Am3sL . AmisL . Ami,L
+ 8cizs12513523(C12¢23C08 dcp — S12813523) COS AE, sin iE, sin 15,
F 8¢25C12C238125138238in Scp sin Am§3L sin Ami;L sin Am%zL
13C12C23512813523 cp iL, iE, 1E,
2
+ 4875035 {C35Ca3 + 512553573 — 2C12C23512523513 €os Scp ¥ sin AZEQL
v
2 2
T 835575555 COS A;nEQS’L sin AZE;’L 4‘1;; (1 —2s33).

(1.4)
The first line of this parameterization contains the term driven by 63,
the second and third contain CP even and odd terms respectively, and the
fourth is driven by the solar parameters. The last line parameterizes mat-
ter effects developed at the first order where a[eVQ] = +2v2Gpn.E, =
7.6:1075p[g/em3|E,[GeV]. The + and F terms refer to neutrinos and an-
tineutrinos. A sketch of P(v,, — v.) as a function of L for 1 GeV neutrinos
is shown in Fig. 1.2.
When matter effects are not negligible, following Eq. (1) of [32], the
transition probability v. — v, (e — 7,) at second order in perturbation
theory in 613, Am32,/Am3s, |Am2,/al and Am3,L/E, (see also [20]) is:

+ _ 2 . i . i _ Am% L
P=(ve — vu) = Xa sin™(2013) + Y cos(6h3) sin(2013) cos ( £6 — =722~ ) + Z,
(1.5)

where =+ refers to neutrinos and antineutrinos, respectively. The coeflicients
of the two equations are:

2 2
— 2 Am3, -2 (la—Ams,|L
X4 = sin“(fa3) ( a-Amzy) Sin 1L, J

m? m? . a . a—Am?
YL =sin(2612) Sin(2023)(Aa12) (\aéﬁg) sin (ﬁ) sin (%ﬂ) ,

a 4F,

Z = cos?(0s) sin2(2912)(Am§2)2 sin? (ﬂ)
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Fig. 1.2 Sketch of P(v, — ve) as function of the baseline computed for monochromatic
neutrinos of 1 GeV in the solar baseline regime for dcp=0 (left) and in the atmospheric
baseline regime for dcp = —n/2 (right), where the different terms of Eq. (1.4) are
displayed. The following oscillation parameters were used in both cases: sin? 2013 =
0.01, sin? 2612 = 0.8, Am3; = 2.5:1072 eVZ, Am2, = 7.107° eVZ2. From Ref. [30].

Table 1.2 The 90%(30) bounds (1 dof) on sin? 13 from an
analysis of different sets of data read as [22]
0.060 (0.089)  (solar+KamLAND)
sin2 013 < { 0.027 (0.058)  (CHOOZ+atm+K2K+MINOS)
0.035 (0.056) (global data)

(remember that a changes sign by changing neutrinos with antineutrinos
and that P(ve — py,0cp) = P(v, — ve, —0cp)).

013 searches look for experimental evidence of v, appearance in excess of
what is expected from the solar terms. These measurements will be exper-
imentally hard because the present limit on 6,3, summarized in Table 1.2,
translates into a v, — v, appearance probability much smaller than 10%
at the appearance maximum in a high energy muon neutrino beam.

One of the interesting aspects of Eq. (1.5) is the occurrence of matter
effects which, unlike the straightforward 6;3 term, depends on the sign of
the mass difference sign(Am3;). These terms should allow extraction of the
mass hierarchy, but could also be seen as a background to the CP violating
effect, from which they can be distinguished by the very different neutrino
energy dependence, matter effects being larger for higher energies, with a
“matter resonance” at about 12 GeV.
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CP Asymmetry

.2
Log(sin~(20,5))

Fig. 1.3 Magnitude of the CP asymmetry at the first oscillation maximum, for § = 1
as a function of the mixing angle sin? 2013. The curve marked “error” indicates the
dependence of the statistical4+systematic error on such a measurement. The curves have
been computed for the baseline beta beam option at the fixed energy E, = 0.4 GeV,
L = 130 km, statistical + 2% systematic errors. From [31].

The CP violation can be seen as interference between the solar and
atmospheric oscillation for the same transition. Of experimental interest is
the CP-violating asymmetry Acp:

P(vy — ve) = P(Vy — Ve)
P(vy — ve) + P(Uy — Ve)
displayed in Fig. 1.3, or the equivalent time reversal asymmetry Arp.

The asymmetry can be large and its value increases for decreasing values
of #13until the two oscillations (solar and atmospheric) are of the same
magnitude [31]. The following remarks can be made:

Acp = (1.7)

(1) Contrary to naive expectations, the most favorable 6,3 values for LCPV
searches are not the highest allowed.

(2) This asymmetry is valid for the first maximum. At the second oscil-
lation maximum the curve is shifted to higher values of #,3so that it
can be then an interesting possibility for measuring the CP asymmetry,
although the reduction in flux is considerable (roughly factor 9).

(3) The asymmetry has opposite signs for v, — v, and v. — v, , which
changes when going from one oscillation maximum to the next.

(4) The asymmetry is small for large values of 613, placing a challenging
emphasis on systematics.



Introduction 9

1.2.2 The problem of degenerate solutions

The richness of the v, — v, transition is also its weakness: it will be very
difficult for pioneering experiments to extract all the genuine parameters
unambiguously. Due to the three-flavor structure of the oscillation prob-
abilities, for a given experiment several different disconnected regions of
the multi-dimensional space of parameters could fit the experimental data,
originating degenerate solutions.

Traditionally these degeneracies are referred to in the following ways:

e The intrinsic or (dcp, 613)-degeneracy [32]: for a measurement based
on the v, — v, oscillation probability for neutrinos and antineutrinos,
two disconnected solutions appear in the (dcp, 613) plane.

e The hierarchy or sign(Am3;)-degeneracy [33]: the two solutions corre-
sponding to the two signs of Am2; appear in general at different values
of (Scp and 913.

e The octant or fa3-degeneracy [34]: since LBL experiments are sensitive
mainly to sin? 26,3 it is difficult to distinguish between the two octants
023 < w/4 and O3 > w/4. Again, the solutions corresponding to a3
and /2 — 633 appear in general at different values of dcp and 6;3.

This leads to an eight-fold ambiguity in 613 and dcp [35], and hence degen-
eracies provide a serious limitation for the determination of 613, dcp, and
the sign of Am3,. Discussions of degeneracies can be found for example in
Refs. [36-39]; degeneracies in the context of the CERN-Fréjus beta beam
and SPL have been considered for the first time in Ref. [40]. Degeneracies
in the beta beam context are discussed in Section 3.5.2.

1.3 Experimental Setups

1.3.1 Conventional neutrino beams

Conventional neutrino beams are produced through the decay of 7 and K
mesons generated by a high energy proton beam hitting small Z, needle-
shaped, segmented targets. Positive (negative) mesons are sign-selected
and focused (defocused) by large acceptance magnetic lenses into a long
evacuated decay tunnel where v,’s (7,,’s) are generated.

The length of the decay tunnel has to be optimized in order to maximize
pion decays while keeping low the rate of muon decays, which contribute to
the intrinsic v, beam contamination. Downstream the decay tunnel a beam
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Helium bags Decay tube Hadron stop Muon detectors
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Fig. 1.4 Sketch of the CNGS neutrino beam line.

dump stops all the charged mesons while high energy muons are stopped
downstream the beam dump by the earth: only neutrinos are allowed to
reach the detector.

A not negligible fraction of the neutrinos hitting the detector is produced
by secondary interactions in the target or in the material downstream. In
case of positive charge selection, the v, beam has typically a few percent
of ,, contamination (from the decay of the residual 7=, K~ and K°) and
~ 1% of v, and 7, coming from three-body K+, K decays and yu decays.

The precision of the evaluation of the intrinsic v, to v, contamination
is limited by the knowledge of the m and K production in the primary
proton beam target. Hadroproduction measurements at 400 and 450 GeV /c
performed with the NA20 [41] and SPY [42] experiments at the CERN
SPS provided results with 5 + 7% intrinsic systematic uncertainties. The
Harp experiment [43] measured both the K2K [44] and the MiniBooNE [45]
targets, covering most of the useful pion phase-space, successfully improving
the description of the two beam lines.

Close detectors are used to directly measure beam neutrinos and back-
grounds this issue will be further discussed in Section 1.4.

1.3.2 First generation long-baseline experiments

The first generation of long-baseline (LBL) experiments focused on con-
firming the atmospheric evidence of oscillations and measuring sin® 2653
and |Am3,| within 10 <+ 15% of accuracy if |Am3;| > 1073 eVZ. It was
pioneered by the K2K experiment at KEK [12], which ended data taking in
2004 and confirmed the SuperKamiokande atmospheric oscillation evidence
at 4.30.
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K2K had a baseline of 250 km, and the muon-neutrino average energy
was 1.2 GeV. The beam was created from a 12 GeV proton beam, 0.015
MW beam power. A dedicated close detector complex, with a 1 kt wa-
ter Cerenkov tank, fine-grained detectors, and a muon ranger, was located
100 m from the end of the pion-decay volume. Super-Kamiokande was used
as the far detector, and the first beam-induced neutrino event was observed
in the summer of 1999. The final oscillation analysis [46] was performed
using a data set corresponding to 0.922x10%° protons on target. Were
observed 112 beam-originated neutrino events, where the expected num-
ber in the absence of oscillations was 158.1792. Of these events, 58 were
single-ring muon-like events fully contained within the Super-Kamiokande
detector. The energies and directions of the muons in fully contained events
can be reconstructed, and because of the simple kinematics of the charged-
current quasi-elastic (CCQE) events that make up much of the cross section
around 1 GeV, it is possible to estimate the energy of the incoming neu-
trinos. Spectral distortions were in good agreement with the expectations
derived from the neutrino disappearance. These results support maximal
mixing, with best-fit two-neutrino oscillation parameters of sin® 260 = 1 and
Am? = 2.8 x 107%eV?. The 90% CL range for Am? at sin?20 = 1 is
between 1.9 and 3.5 x103eV?2.

The MINOS (Main Injector Neutrino Oscillation Search) experiment
was also proposed in 1995, with a neutrino beam, NuMI[47], pointed from
Fermilab to the Soudan mine in Minnesota, with a baseline of 735 km. The
beam has a system of movable focusing horns to allow the beam energy
spectrum to be altered. Both near and far detectors consist of a steel and
plastic scintillator sandwich structure.

The experiment started running in the spring of 2005, and within a

year had gathered data corresponding to 2.50 x 102°

protons on target.
The MINOS results support maximal mixing, with best-fit parameters of
|Am?| = (2.43 +0.13) x 103 eV? and sin®(26) > 0.95 at 68% confidence
level [48].

The oscillation parameters from the K2K and MINOS experiments, to-
gether with results from SuperKamiokande are shown in Fig. 1.5. MINOS
will run for five years, with the goal of accumulating 16 x 10?° protons
on target. This data set should improve our knowledge of the oscillation
parameters substantially. Both the experiments described here are linked,
if only indirectly, to future projects to make precision measurements of the
oscillation parameters and to probe the third mixing angle.
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Fig. 1.5 Confidence intervals of atmospheric parameters as measured by MINOS, K2K
and SuperKamiokande. From [48].

ICARUS [49] and OPERA [50] at the CNGS beam [51] from CERN to
Gran Sasso laboratories will search for evidence of v, interactions in a v,
beam, the final proof of v, — v, oscillations. CNGS had a first run in the
2006, while the OPERA detector started data taking with the full detector
in 2008.

The CNGS v, beam has been optimized for the v,, — v, appearance
search in order to overcome the kinematic threshold for 7 production and
to detect the 7 decay products. The average neutrino energy, 17 GeV,
is about ten times higher than the optimal value for 6;3searches at the
CERN-LNGS baseline of 732 km.

Current long-baseline experiments with conventional neutrino beams
can look for v,, — v, oscillations (see Section 2) even if they are not opti-
mized for such studies. MINOS at NuMI is expected to reach a sensitivity
of sin? 2613 = 0.08 [13] integrating 14-10%° protons on target (pot) in five
years according to the FNAL proton plan evolution [52]. MINOS’s main
limitation is the poor electron identification efficiency of the detector.
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Thanks to the dense ECC structure and the high granularity provided
by the nuclear emulsions, the OPERA detector is also suited for electron
detection [50]. OPERA can reach a 90% CL sensitivity of sin? 26,5 = 0.06
(Am3; = 2.5-1073 eV?2, convoluted to CP and matter effects) [53], a factor
~ 2 better than CHOOZ for five years exposure to the CNGS beam at
nominal intensity of 4.5-101% pot/yr.

1.3.3 Second generation long-baseline experiments

The focus of second generation LBL experiments will be the measurement
of 013 through the detection of sub-leading v,, — v. oscillations.

According to the present experimental situation, conventional neutrino
beams can be improved and optimized for the v,, — v, searches. The design
of a such new facility will demand higher neutrino fluxes, a neutrino beam
optimized to the atmospheric Am3, and a detector optimized to efficiently
detect electrons and reject 7°’s.

An interesting option for neutrino beams is the possibility to tilt the
beam axis a few degrees with respect to the position of the far detector
(off-axis beams) [54, 55]. According to the two-body m-decay kinematics,
all the pions above a given momentum produce neutrinos of similar energy
at a given angle § # 0 with respect to the direction of the parent pion
(contrary to the # = 0 case where the neutrino energy is proportional to
the pion momentum).

These neutrino beams have several advantages with respect to the corre-
sponding on-axis ones: they are narrower, lower-energy and with a smaller
V. contamination (since v, mainly come from three-body decays) although
the neutrino flux can be significantly smaller.

In the next section the major players of this activity will be described,
a sketch of 613 sensitivities as a function of the time, following the schedule
reported in the experimental proposals, is reported in Fig. 1.6.

1.3.31 T2K

The T2K (Tokai to Kamioka) experiment [54] will aim neutrinos from the
Tokai site of J-PARC (50 GeV, 0.75 MW) to the Super-Kamiokande detec-
tor 295 km away. The neutrino beam is situated at an off-axis angle of 2.5
degrees, ensuring a pion decay peak energy of about 0.6 GeV. The beam
line is equipped with a set of dedicated on-axis and off-axis near detectors
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Fig. 1.6 Evolution of experimental sin? 2013 sensitivities as function of time. T2K sen-
sitivity curve has been computed with the beam intensity curve of [56], Nova sensitivity
is computed for 25 kt fiducial volume, 6.5 - 1020 pot/yr, starting in 2012. Experiments
are assumed to provide results after the first year of data taking.

at a distance of 280 m. In particular the off-axis near detector (ND280) will
consist of finely segmented detectors acting as neutrino targets and track-
ing detectors surrounded by a magnet (recuperated from the UA1-NOMAD
magnet at CERN). The purpose of the detector is to measure the neutrino
spectrum, flux, v, contamination and interaction cross sections before the
oscillation.

It is expected that the sensitivity of the experiment in a five-year v, run,
designed to begin on April 1, 2009, will be of the order of sin® 26,3 < 0.006
(90% CL).

T2K can also perform disappearance measurements of v,, which will
improve measurements of Am3; to a precision of 0.0001 eV? or so. Neutral
current disappearance (in events tagged by 7° production) will allow for a
sensitive search of sterile neutrino production.
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1.3.3.2 NOvA

The NOvA experiment with an upgraded NuMI off-axis neutrino beam [57]
(E, ~ 2 GeV and a v, contamination lower than 0.5%) and with a baseline
of 810 km (12 km off-axis), has been proposed at FNAL with the aim to
explore v, — v, oscillations with a sensitivity 10 times better than MINOS.
The experimental schedule at the moment is not well defined. The NuMI
target will receive a 120 GeV/c proton flux with an expected intensity of
6.5-10%° pot /year (2:107 s/year are considered available to NuMI operations
while the other beams are normalized to 107 s/year). The experiment will
use a near and a far detector, both using liquid scintillator (TASD detec-
tors). In a five-year v, run with a 25 kt active mass far detector, a sin? 26015
sensitivity slightly better than T2K, as well as a precise measurement of
|AmZ,| and sin® 2623, can be achieved. NOvA can also allow the mass hier-
archy problem to be solved for a limited range of the dcp and sign(Am3,)
parameters [57], this thanks to the longer baseline with respect to T2K.

As a second phase, proton intensity could be raised up to 10-102° pot /yr
and a second detector placed into operation at a different off-axis angle at
the second oscillation maximum [57].

1.3.3.3 Reactor experiments

Another approach to searching for non-vanishing 6,3 is to look at 7, disap-
pearance using nuclear reactors as neutrino sources.

Reactor experiments aim at improving the current knowledge on 63
by observing the disappearance of 7, from nuclear reactors. The relevant
oscillation probability is

P(0 — 7,) =~ 1 — sin® 26,3 sin® (AL%JL) +... (1.8)

4F

which does not depend on 653 and the CP-phase dcp. The dependence on
Am3, and 615 is negligible for the chosen baseline. Therefore this approach
allows an unambiguous detection of #13 free from correlations and degen-
eracies. As it is obvious from Eq. (1.8) the measurement requires a very
precise control of the absolute flux. For that reason these experiments will
employ a near and far detector. The direct comparison of the event rates
in each detector will cancel many systematical errors and thus is essential

in reaching the required low level of residual errors. Both detectors need
some overburden to reduce the cosmic muon flux to an acceptable level.
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The Double Chooz experiment, the follow-up to CHOOZ, will employ a
far detector in the same location as the former CHOOZ detector as well as
a near detector. Both detectors need some overburden to reduce the cosmic
muon flux to an acceptable level. The advantage of Double Chooz is that
it will use an existing cavern for the far detector, which puts it ahead of
any other reactor experiment.

The sensitivity after five years of data taking will be sin? 2613 = 0.025
at 90% CL [58], which could be achieved as early as 2012. It is conceivable
to use a larger, second cavern to place a 200t detector to further improve
that bound down to sin? 26,3 < 0.01 [59].

The Daya Bay project in China [60] could reach a sin? 2013 sensitivity
below 0.01 integrating 70 times the statistics of Double Chooz. This exper-
iment will detect 7, produced by two pairs of reactor cores (Daya Bay and
Ling Ao), separated by about 1.1 km. The complex generates 11.6 GW of
thermal power; this will increase to 17.4 GW by early 2011 when a third
pair of reactor cores (Ling Ao II) is put into operation.

It will consist of two near detector locations (each one with two 20 t
detectors) and a far location consisting of four detectors of 20 t.

1.3.4 Next generation conventional neutrino beams

It is well-known today that T2K and NOvA, even if combined with a reactor
experiment, will not be able to provide firm results (30 or better) about
leptonic CP violation [61] or sign(Am3;) [62] whatever the value of 6;3.
A next generation of long-baseline neutrino experiments will be needed to
address this very important search in physics. The rule of thumb in such
experiments is that they should be at least one order of magnitude more
sensitive than T2K or NOvA. As aresult they need an increase of two orders
of magnitude on neutrino statistics with a consequent important reduction
of systematic errors.

1.3.4.1 Neutrino super beams

To fulfill such a challenging improvement, conventional neutrino beams
must be pushed to their ultimate limits (neutrino super beams) [29] and
gigantic (megaton scale) neutrino detectors must be built.

In the following, a super beam is taken to be a conventional neutrino
beam driven by a proton driver with a beam power in the range of 2-5 MW.



Introduction 17

J PARC HK CPV Sensitivity

e i : g
o 0.14 CHE)oz excluded
N sinf2 15<0.12@ mj;,2~3x10 3eV?
& 012 ;
n i stat+5%jsyst.
i  istat+2%syst.
0.08 P
- i (lsignal-ll-,BG) stat only
' [ b ,! tat+10%syst.
no BG e : S
signal stat only i o
0.02 | A
, |_T2K\: No iidication for sin2:6.5,

0 01 02 03 04 05 06 07 08 09 1
sin 0
Fig. 1.7 LCPV sensitivity curve of T2HK. From [63].

1.3.4.2 T2HK and T2KK

Phase II of the T2K experiment, often called T2HK, foresees an increase
of beam power up to the maximum feasible with the accelerator and target
(4 MW beam power), antineutrino runs, and a very large, 520 kt, water
Cerenkov, HyperKamiokande or HK, to be built close to SuperKamiokande.

Performances of such a setup have been computed in Ref. [63] (see
Fig. 1.7). From this figure two main considerations can be taken:

(1) Systematic errors play a critical role in LCPV sensitivities: systematic
errors bigger than 5% could potentially kill the experimental sensitivity.
For a detailed discussion of systematic errors in T2HK and the possible
role of ancillary experiments to reduce them, see [64].

(2) For 63 values smaller than the T2K phase I sensitivity, T2HK has no
sensitivity to LCPV. That is in case of a null result of T2K which would
severely compromise the physics case of T2HK.

An evolution of T2HK is the T2KK project, where half of the HK detector
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would be installed in Japan, while the second half would be mounted in
Korea, at a baseline of about 900 km, around the second oscillation maxi-
mum. This configuration would have worse sensitivities to 613 with respect
to T2HK, very similar sensitivities to LCPV and much better sensitivities
to sign(Am3;). For further details of this project see [65].

1.3.4.3 CNGS upgrades

Sensitivities for an upgraded CNGS setup have been first computed in [66].
The experimental setup can be summarized as follows:

e A proton intensity of 4.1-10%° pot /yr has been assumed, to be compared
with the nominal CNGS intensity of 4.5 - 10! pot/yr ®.

e To be at the first maximum at a baseline of around 750 km, the beam
optics has been re-designed to focus pions of about 10 GeV/c momen-
tum, against the 35 GeV /¢ momentum of the nominal CNGS. Several
different off-axis angles have been taken into account.

e A monolythic 100 kt liquid argon detector (ICARUS actually is com-
posed by two tanks of 300 kt) should be installed at shallow depth at
a baseline of about 800 km.

With this setup, in a ten-year v,47,, run a sensitivity of sin® 26,3 >1-1073
(3 o, 5cp=0, sign(Am3;)=+1) could be reached.

A subsequent Lol, MODULAr [68], has been proposed by the ICARUS
collaboration for a similar setup: 1.2-4.3-10%° pot/yr and a modular 20 kt
liquid argon detector to be installed at shallow depth at a baseline of 732
km, 10 km off-axis. This project could reach a sensitivity of sin®26;5 >
2.5-107% (30) , cp=0, in five years of neutrino operation.

1.3.4.4 CERN-SPL

In the CERN-SPL super beam project [69, 70] the planned 4MW SPL
(Superconducting Proton Linac) would deliver a 3.5 GeV/c H™ beam on
a Hg target to generate a neutrino beam with an average energy of ~ 0.3
GeV 2.

L According to the CERN report [67], the ultimate CNGS intensity, having changed the
whole SPS injection chain, substituted the SPS RF cavities and upgraded the CNGS
instrumentation, would be 1.3 - 10'? pot/yr, or 2.45 - 1012 pot/yr if all the fixed target
programmes at CERN were canceled.

2 At present SPL is foreseen as one of the elements of a new injection chain for the SPS,
in view of the LHC luminosity upgrades [71]. In this context a power of 0.4 MW would
be enough. Extensions to 4 MW could be driven by the needs of a neutrino super beam
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The v, contamination from K will be suppressed by threshold effects
and the resulting v, /v, ratio (~ 0.4%) will be known within 2% error. The
use of a near and far detector (the latter at L = 130 km in the Fréjus
area, see Section 1.3.4.6) will allow for both v,-disappearance and v,, — v.
appearance studies. The physics potential of the SPL super beam (SPL-
SB) with a water Cerenkov far detector with a fiducial mass of 440 kt, has
been extensively studied [72-75].

The most updated sensitivity estimations for this setup have been pub-
lished in Ref. [76] and are shown in Section 3.7.

1.3.4.5 Wide-band super beam

A wide-band beam (WBB) has been proposed, sited at BNL and serving
a very long-baseline experiment [77]. In this proposal, the 28 GeV AGS
would be upgraded to 1 MW and a neutrino beam with neutrino energies
in the range 0 - 6 GeV could be sent to a Megaton water Cerenkov detector
at the Homestake mine at a baseline of 2540 km.

Wide-band beams possess the advantages of a higher on-axis flux and
a broad energy spectrum. The latter allows the first and second oscillation
nodes in the disappearance channel to be observed, providing a strong tool
to solve the degeneracy problem. On the other hand, experiments served by
wide-band beams must determine the incident neutrino energy with good
resolution and eliminate the background from the high energy tail of the
spectrum.

Upgrades to the FNAL main injector after the end of the Tevatron
programme are also under study and could provide a similar wide-band
neutrino beam. The baseline in this case would be 1290 km.

The combination of channels and spectral information of a long-baseline
wide-band beam experiment offers a promising means of solving parameter
degeneracies. However, the very long-baseline decreases the event rate at
the far detector and reduces the sensitivity of the experiment to 613 and
CP-violation; the sensitivity of the experiment to #13 and § is somewhat
smaller than that of T2HK or the SPL.

The wide-band beam is a very interesting option to search for the
sign(Am3;)value and for leptonic CP-violation, solving most of the de-
generacies, if 613 is large enough, i.e. sin® 2603 > 5 x 1073 (013 > 2°).

or a proton driver for a neutrino factory and/or a proton driver for EURISOL.
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1.3.4.6  Water Cerenkov detectors and the MEMPHYS detector

For small values of 0,3, a very large data set is required for the sub-leading
v, — v, oscillation to be observed. The water Cerenkov is an ideal detector
for this task since it is possible to construct a detector of very large fiducial
mass in which the target material is also the active medium. The Cerenkov
light is collected by photo-detectors distributed over the surface of the de-
tector; the cost of instrumenting the detector, therefore, scales with the
surface area rather than the fiducial mass. Megaton-class water Cerenkov
detectors are therefore ideal when charge identification is not required and
have been chosen for T2HK, the SPL super beam, and the long-baseline
wide-band beam experiment. Such a device could also be the ultimate tool
for proton-decay searches and for the detection of atmospheric, solar, and
supernovaneutrinos.

Charged leptons are identified through the detection of Cerenkov light
in photo-multiplier tubes (PMTs) distributed around the vessel. The fea-
tures of the Cerenkov rings can be exploited for particle identification. A
muon scatters very little in crossing the detector, therefore, the associated
Cerenkov ring has sharp edges. Conversely, an electron showers in the wa-
ter, producing rings with “fuzzy” edges. The total measured light can be
used to give an estimate of the lepton energy, while the time measurement
provided by each PMT allows the lepton direction and the position of the
neutrino interaction vertex to be determined. By combining all this infor-
mation, it is possible to reconstruct the energy, the direction, and the flavor
of the incoming neutrino. It is worth noting that the procedure discussed
above is suitable only for quasi-elastic events (yyn — [7p). Indeed, for
non-quasi-elastic events more particles present in the final state are either
below the Cerenkov threshold or are neutral, resulting in a poor measure-
ment of the total event energy. Furthermore, the presence of more than one
particle above threshold produces more than one ring, spoiling the particle
identification capability of the detector.

The MEMPHYS (Megaton Mass Physics) detector [78] is a megaton-
class water Cerenkov in straight extrapolation of the well-known and ro-
bust technique used for the Super-Kamiokande detector. It is designed to
be located at Fréjus, 130 km from CERN, and is an alternative design
of the UNO [79] and Hyper-Kamiokande [54] detectors and shares the
same physics case in both the non-accelerator domain (nucleon decay,
SuperNovae neutrino from burst event or from relic explosion, solar and
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atmospheric neutrinos) and the accelerator (super beam, beta beam)
domain [185].

MEMPHYS may be built with current techniques near the present
Modane Underground Laboratory as three- or four-shaft modular detec-
tor, with shafts of 250000 m? each, measuring 65 m in diameter, 65 m in
height for the total water containment. Each of these shafts corresponds
to about five times the present Super-Kamiokande cavity. For the current
physical study, a fiducial volume of 440 kt which means three shafts and
an Inner Detector (ID) 57 m in diameter and 57 m in height is assumed.
A sketch of the possible layout of the laboratory is displayed in Fig. 1.8.
Each ID may be equipped with photodetectors (PMT, HPD,..) with a sur-
face coverage of at least 30%. The Fréjus site, 4800 m.w.e, offers a natural
protection against cosmic rays by a factor of about 10°.

Fig. 1.8 Possible layout of the future Fréjus underground laboratory.

1.4 Why Look For New Concepts in Neutrino Beams?

far
events?

The event collected in a neutrino oscillation detector, N can be de-

scribed by the following equation:

7

1 NC CcC CcC
Netents = (O-VeGVePVuVe +O—u“ INC +O—u} 77C0PVMV“> (I)Vu +o,. €. Py, (1.9)
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where

o, (E,) is the cross section of v

€y, (F,) is the detection efficiency of electron neutrinos

Py,v.(Ey), Py,.,(E,) are oscillation probabilities

nnc(co)(Ey) is the detection efficiency of backgrounds from NC (CC)
v,interactions.

®,,(E,) is the v, flux at the detector

e &, (FE,) is the v, flux at the detector

e Cross section and fluxes are not known to better than 5%.

A close detector placed near enough the neutrino target to consider the
oscillation probabilities negligible would measure

close __ NC, s CC, ./ / CcC /
Nevents - (Uu“ INnc =+ 0',/“ nCC)q)u“ + Ul/e €l/e(I)ue (110)

where the background efficiencies nﬁvc(cc) (E,) are not necessarily the same
as the far detector, and more important the neutrino fluxes <I>,’j“ (E,) and
®;, (E,) are not the same as the far detector. This latter phenomenon is
due to the fact that the close detector is sensitive to the length of the decay
tunnel, and for simple solid angle considerations is more sensitive to pions
that decay late in the tunnel, the most energetic, while the far detector
is insensitive to this geometrical factor. This effect produces differences
between the close and far detector neutrino fluxes of up to 30%.

It is clear that a close detector cannot constrain all the single vari-
ables that contribute to the far detector signal rate, but first generation
neutrino beams have demonstrated that it is still quite powerful in control-
ling systematic errors, especially if coupled with measurements of the pion
production rates at the target (hadroproduction experiments) that can ef-
ficiently constrain the prediction of the neutrino flux both at the close and
at the far detector sites. A quantitative discussion about the effects of the
close detectors on neutrino super beam experiments can be found in [64].

With the close detector data the K2K experiment concluded the v, —
ve search with an overall 30% systematic error [80]. This value could be
improved by using the Harp hadroproduction data [44], as already done for
the v, disappearance measurements of K2K.

The NOMAD experiment at CERN [81] was indeed able to predict
the v, spectrum with a 5% systematic error [82]; this prediction was then
successfully cross-checked with data [16]. The NOMAD experiment did not
have a close detector but had the unprecedented capability of measuring
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with large statistics and good precision all four neutrino flavors (v,, 7,,
Ve, Ue) in a v, beam, a 7, beam and a neutrino beam without any horn
focusing. The v,, ¥, V. measurements in such conditions were basically
enough to constrain the MC predictions of most secondary mesons in the
neutrino beam line (7=, 7+, k=, k*, k°), reducing most of the systematic
errors in the v, prediction.

The T2K experiment expects to push the systematics below 10%, thanks
to an improved close detector system 280 m downstream the target. It will
use detectors in a magnetic field to isolate the single neutrino flavors, and
specialized detectors for the different backgrounds, in particular a special-
ized detector for the NC 7° background. A second close detector station is
under evaluation at a distance of 2 km from the target. At such a distance
the neutrino fluxes are quite similar to the far detector fluxes and a water
Cerenkov detector can be safely put into operation. This second station
could be very powerful in further reducing the systematics.

The goal to constrain the systematics to less than 5% appears quite
challenging in conventional neutrino beams. Many systematics that at first
order cancel out in a close-far detector ratio contribute at the second order
if the level of systematic errors is fixed at 5% or below, forcing the need to
independently measure any single variable of Eq. (1.9).

Two main problems appear particularly critical from this perspective:

e The neutrino flux is necessary in any cross section and efficiency mea-
surement. It requires a precise measurement of the neutrino hadropro-
duction at the target and a precise simulation of all the primary and
secondary reinteractions in the target itself and in all the materials of
the neutrino beam line. It should be noted that the best hadropro-
duction measurement published so far, the Harp measurement of the
MiniBooNE beryllium target, concluded the analysis with a 4.9% inte-
gral systematic error and 9.8% differential systematic error [45].

e Conventional neutrino beams always produce at least four neutrino
flavors (v, Ve, Ty, Te), of which v, and 7, are an intrinsic irreducible
background for any v,, — v, search, while 7,,(v,) are a background for
any CP search.

1.5 New Concepts on Neutrino Beams

The intrinsic limitations of conventional neutrino beams can be overcome
if the neutrino parents are fully selected, collimated and accelerated to a
given energy.
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With this challenging approach several important improvements can be
made to conventional neutrino beams:

e The neutrino fluxes would be simply derived from the knowledge of the
number of parents circulating in the decay ring and from their Lorentz
boost factor ~.

e The intrinsic neutrino backgrounds would be suppressed (in the case of
beta beam) or reduced to wrong sign muons (golden channel in neutrino
factories).

The technological problems derive from the fact that the parents need to
be unstable particles, requiring a fast, efficient acceleration scheme.

This can be attempted within the muon lifetime, bringing to the neu-
trino factories [83], or within beta decaying ion lifetimes, bringing to the
beta beam [85].

With this kind of beams (in the specific case of a beta beam) the number
of events in the far detector would be given by

Nig\l/rents = <UV,LGV,LPueu,L =+ UZCUNC + O.SCTICCPVeVe) b, - (1.11)

e

And in the close detector:
< N l¢]
Nekgh = (X + onc ) (112)
As a consequence:

e There is no need to disentangle NC from v, events at the close detector,
since v, events are absent.

e Even if the close and far detector neutrino fluxes are different, they are
fully predictable, so there is no need for a hadroproduction experiment
with its associated errors.

e It should anyway be noted that the absence of v, events in the close
detector means that there is no way to measure signal (v,) cross sec-
tions in the close detector. This could represent the major source of
systematic errors in a beta-beam experiment.

1.5.1 Neutrino factories

In a neutrino factory the neutrinos originate from the decay of muons which
are created via pions by protons impinging on a target. The muons have
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to be captured, cooled, accelerated and put into a decay ring with straight
sections pointing towards the detectors.

The muon decay is well understood. Consequently, the composition and
spectral characteristics of the resulting neutrino beam can be calculated
with high precision. Furthermore, the use of a decay ring will result in
a well collimated neutrino beam. The intensity will scale with the power
of the driver beam but it will also depend heavily on the efficiency of the
capture and cooling schemes and the swiftness of the acceleration as muons
are very short lived.

The IDS study [84] aims at 5 x 102° neutrinos along the straight sections
of two independent storage rings of 25 GeV. This would require a driver
beam intensity of some 4 MW at 5-10 GeV depending on the driver type.
The target can either be a fast rotating solid target or a liquid metal target.
Even metal power targets have been considered. Approximately a third of
the driver beam power will be absorbed in the target with the remianing
beam power being lost in a beam dump downstream of the target.

The pions emerging from the target are captured with a magnetic horn
or a superconducting solenoid. The muons from the pion decay are cooled in
an cooling channel in which ionization cooling is applied to reduce the beam
emittance. The resulting muon beam is accelerated with recirculating linacs
and a Fixed Field Alternating Gradient accelerator and finally stoored in
two independent race track stoarge rings with straight sections of some 600
meter.



Chapter 2

Machine Aspects

2.1 Introduction

The challenges encountered in designing a beta-beam facility are very sim-
ilar to those encountered when accelerating stable heavy ions. This is done
at many accelerator labs in the world. In the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL) heavy ions are typi-
cally accelerated to 100 GeV per nucleon. At the Large Hadron Collider
at European Organization for Nuclear Research (CERN) heavy ions will
be accelerated to more than 2.5 TeV per nucleon (Fig. 2.1). The energy
reached at BNL and CERN for heavy ions is more than sufficient for a
beta beam. In fact, the first proposal made for a beta-beam facility [85]
simply made use of the CERN injectors for the acceleration and only pro-
posed the construction of an ion production part, a pre-accelerator and an
additional decay ring to generate the neutrino beam. Ions are not more
difficult to accelerate than any other particle.

The specific challenges for the ion accelerator designer are rather linked
to the ion itself and its charge state. Only very light ions can be copiously
produced and fully stripped of electrons at low energies. In fact, the proton
is an example of a very light ion (hydrogen) which can be produced at high
intensity, high density and fully stripped, making it the ideal particle for
a hadron collider. At the other end of the spectrum, lead ions for LHC
produced in the state-of-the-art Electron Cyclotron Resonance source will
have more than 60 electrons left in atomic orbits at extraction from the ion
source and the intensity and density will be much lower than for the proton
beam.

The specific challenge for a beta-beam facility is the nature of the ions to
be accelerated; the ions are not stable but they decay with a given lifetime

27
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Fig. 2.1 A beta-beam facility at e.g. CERN would share many features (and much
equipment) with the heavy ion programme at the Large Hadron Collider (LHC). Lead
ions for LHC are produced in an Electron Cyclotron Resonance source and is, after
accumulation in the Low Energy Ion ring, (LEIR) accelerated to more than 177 GeV /u
per nucleon before being injected into the LHC. Illustration courtesy of the CERN ions
for LHC project.

throughout the production and acceleration process.

2.2 A Possible Beta-Beam Facility

To simplify the discussion on the different parts of a beta-beam complex we
will start with a description of a possible beta-beam facility as envisaged
by a group of CERN machine physicists in 2002 [86]. This scenario was
elaborated on just after the publication of the first paper by P. Zucchelli
[85] on beta beams.

In this design the ions are produced in a thick target using a proton
beam of 1 GeV, extracted as neutral atoms and re-ionized and bunched
in a high frequency ECR source. The first step of acceleration is a linear
accelerator which brings the ions to a kinetic energy of 150 mega-electron
volts (MeV) per nucleon. Subsequently, this beam is injected into a Rapid
Cycling Synchrotron (RCS) in which the energy is increased to 500 MeV
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per nucleon. After this first step the beam enters the existing CERN ac-
celerator complex and is accelerated in the Proton Synchrotron (PS) to its
maximum energy, transferred to the Super Proton Synchrotron (SPS) and
finally ejected to a decay ring. The last step is done using a scheme which
permits the “new” ions to be merged with the ions already circulating in
the decay ring so that ions which still can decay (and create neutrinos) are
not wasted and ejected from the decay ring too early. The details of each
step in this scheme will be discussed in detail below. To help the reader
follow the different steps an overview of the facility is shown in Fig. 2.2.
To follow the different sections of this chapter it is only important to
retain the following: i) that a sequence of accelerators are used to accelerate
bunches of ions ii) that the ions are produced continuously in a target and
bunched and iii) that the ions are accumulated in a few short bunches in a
decay ring with long straight sections to generate a pulsed neutrino beam.
The essence of the CERN proposal in 2002 was the re-use of existing
heavy ion accelerators to reduce cost and gain time for the construction
of a beta-beam facility. With a similar intention a study was undertaken
in the US in 2004 investigating the possible use of existing accelerators at
Brookhaven National Laboratories and Fermi National Laboratories [87].

2.3 The Beta Beam Isotopes

2.3.1 Which isotope to use

The ideal beta beam isotope should be sufficiently long-lived not to decay
during the acceleration process and sufficiently short-lived to decay in the
decay ring before it is lost due to other processes.

The use of very long-lived nuclei will also result in a very high total
current in the decay ring which in itself might be a limiting factor due
to the inter-ion collisions within each bunch (intrabeam scattering) and
the problem of controlling such a number of charges (space charge) in the
ring. Furthermore, the ideal isotope should be easy to produce in large
quantities and it should not decay to any long-lived daughter products
which could contaminate the low energy part of the accelerator chain and
make maintenance work on the machine components difficult. At higher
energies the decay products will break down and form hadron cascades as
soon as they collide with the surrounding materials. Finally, for all ions
except for the lightest elements such as helium, lithium and boron, the ions
will be difficult to strip of all surrounding electrons at low energy. This will
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Fig. 2.2 An overview of a possible beta-beam facility at CERN as discussed in [86].
Note that the existing accelerators PS and SPS were proposed as part of the injector
chain, representing a major saving for the proposal.

represent a significant intensity loss as it is hard to force more than 20% of
the ions of a particular type to be in the same charge state.

The first study of a beta beam at CERN established a list of suitable iso-
topes taking all the above considerations into account; this list is reprinted
in Table 2.1 (3~ emitters) and Table 2.2 (31 emitters). For this first study
5He and '®Ne were selected; they have half-lives at rest in the order of a
second which corresponds to the typical cycling time of low energy acceler-
ators, they are easy to produce, are in gas phase at room temperature and
have no “dangerous” daughter products.

2.3.2 Isotope production

Radioactive ions must be produced continuously as there is no way to stop
them from decaying. There are two different methods used in modern Nu-
clear Physics for on-line production of exotic radioactive ions: the In-Flight
(IF) method and the Isotope Separation On-Line (ISOL) method [88]. With
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Table 2.1 Some possible isotopes which are 5~ emitters, from [86].

Isotope A/Z Ti/2  Qpgs. togs. Qg effective Eg average Ev average

(s) (MeV) (MeV) (MeV) (MeV)
SHe 3.0 0.80 3.5 3.5 1.57 1.94
8He 4.0 0.11 107 9.1 4.35 4.80
8Li 2.7 0.83 16.0 13.0 6.24 6.72
9Li 3.0 0.17 13.6 11.9 5.73 6.20
11Be 2.8 13.8 11.5 9.8 4.65 5.11
15C 2.5 2.44 9.8 6.4 2.87 3.55
16C 2.7 0.74 8.0 4.5 2.05 2.46
16N 2.3 713 104 5.9 4.59 1.33
7N 2.4 417 8.7 3.8 1.71 2.10
18N 2.6 0.64 13.9 8.0 5.33 2.67
23Ne 2.3 372 4.4 4.2 1.90 2.31
25Ne 2.5 0.60 7.3 6.9 3.18 3.73
25Na 2.3 59.1 3.8 3.4 1.51 1.90
26Na 2.4 1.07 9.3 7.2 3.34 3.81

Table 2.2 Some possible isotopes which are 31 emitters, from [86].

Isotope A/Z Ti/2  Qpgs. togs. Qg effective Eg average Ev average

(s) (MeV) (MeV) (MeV) (MeV)
8B 1.6 0.77 170 13.9 6.55 7.37
10¢ 1.7 19.3 2.6 1.9 0.81 1.08
140 1.8 70.6 4.1 1.8 0.78 1.05
150 1.9 122 1.7 1.7 0.74 1.00
18Ne 1.8 1.67 3.3 3.0 1.50 1.52
9Ne 1.9 17.3 2.2 2.2 0.96 1.25
2INa 1.9 22.4 25 2.5 1.10 1.41
33Ar 1.8 0.17  10.6 8.2 3.97 4.19
24 Ar 1.9 0.84 5.0 5.0 2.29 2.67
35Ar 1.9 1.77 4.9 4.9 2.27 2.65
3TK 1.9 1.22 5.1 5.1 2.35 2.72
80Rb 2.2 34 4.7 4.5 2.04 2.48

the In-Flight method the ions are produced through fragmentation of a
heavy stable beam in a thin target. The produced ions are separated after
the target in an electro-static mass and velocity filter resulting in a rather
large emittance but isotopically pure beam.

The ISOL method (see Fig. 2.3) uses a thick target in which a beam
of particles is almost stopped. At higher energies this will result in
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Fig. 2.3 At most operation ISOL facilities, a thick and hot target is used (right). The
driver beam induces nuclear reactions throughout a large volume of the target and any
isotope with a “boiling point” below the temperature of the assembly will diffuse out of
the target matrix. A large fraction of the produced activity will reach the ISOL source
and will after ionization be extracted into a magnetic separator (left). Illustrations
courtesy of the ISOLDE collaboration and the CERN photo laboratory.

fragmentation, spallation and fission of the target material (and the im-
pinging particles) while at very low energies the new isotopes are formed
by the merging of the target nucleus and the incident nucleus. The thick
target represents a high integrated cross section and the ISOL method will
typically produce much higher intensity beams than the In-Flight method.
However, the radioactivity produced in the thick target must be diffused
and effused out of the target before it can be re-ionized and separated for
further use. To enhance diffusion and effusion out of the target it must be
heated. For high intensity facilities the heating caused by the beam is more
than sufficient and the challenge for the target designer is to get rid of the
excess heat so that the target is not destroyed. For the shortest-lived ele-
ments with high boiling points the target has to be kept at a temperature
just below the melting point of the target material itself.



Machine Aspects 33

2.3.3 The ISOL method

For the beta beam, the intensity is the main issue so the ISOL method — or
one of the variants of the ISOL method discussed in the next subsections
— is the natural choice for the production part. The ISOL method encom-
passes several rather different techniques, all with some advantages and
some drawbacks. A major issue is the heat deposited and damage caused
by the incident charged particles.

A particularly attractive ISOL technique which partly resolves this issue
is the converter technique in which the incident beam does not hit the target
itself but a very robust primary target in which huge amounts of neutrons
and protons are produced through spallation and evaporation processes.
The protons released from the primary target are charged and are highly
likely to be absorbed by the target itself while the neutrons are unlikely
to be stopped. If we place a secondary target of fissile material in the
surrounding neutron flux we will induce fission but without the damage
which the charged protons would have caused. Unlike the secondary target
the primary target can be cooled and made of a material highly resistant
to ionizing radiation so as to take a large current of protons. A converter
target for the production of °He has been studied [89, 90] using the reaction
n + ?Be = SHe + “He which has a large cross section of some 100 mbarn.
To the left in Fig. 2.4 the conceptual design of the beryllium-oxide target
and Tungsten converter system from [89] is shown. The beryllium-oxide
is either in fiber form or pellets which will permit the Helium atoms to
diffuse out of the target. The beam used to generate the neutrons from the
converter is a 1 GeV proton beam and the resulting relative neutron flux is
shown to the right in Fig. 2.4. The production of '®Ne with a thick ISOL
target has also been studied [86] but for this proton-rich unstable nucleus,
it is not possible to use the converter technology. The cross section, for
example, of a 1 GeV proton beam impinging on a magnesium oxide target
is at least a factor of ten smaller than the cross section for He production
via neutrons on beryllium oxide. The fact that the target will be directly
irradiated by a high intensity proton beam will result in radiation damage in
the target setting a limit for the achievable yield compared to the converter
technology. A possible way forward is to use multiple target units and merge
the neutral atomic beams before ionization (see Fig. 2.5). This concept was
tested at ISOLDE at CERN in 2006 [91] and for a configuration with two
transfer lines a high efficiency for the merging into a plasma ion source was
achieved.
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Fig. 2.4 To the left: a converter target for the production of 6He with the cooled
converter (lower part) made of tungsten and the target made of beryllium oxide (covering
upper part of converter) [89]. To the right: the relative neutron flux from the converter
which is hit by a 1 GeV proton beam [89].

C

Fig. 2.5 For production of Ne through the spallation of e.g. MgO, the use of several
targets at 1 — 2 GeV has been envisaged. In the picture the primary proton beam would
be wobbled over the multiple target units. Illustration courtesy of Stefano Marzari at
CERN.

2.3.4 Direct production

The simplest way to create nuclei is to accelerate one nucleus and merge
it with another nucleus in a target at an energy high enough to overcome
the Coulomb barrier, but low enough not to destroy the newly formed
nuclei through spallation or fission. Nuclei formed in this energy interval
are referred to as compound nuclei; cross section for this process is usually
large and can often be measured in 10-100 mbarns. The main limitation is
that it is hard to form any nucleus far away from stability as the starting
point usually is two stable nuclei with roughly equal numbers of protons
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and neutrons. Consequently, the new nucleus will also have roughly the
same number of neutrons as protons which will position it somewhere close
to the other stable nuclei. However, for beta beams the favored isotopes
are close to stability so this production method is a possibility.

The neon isotope discussed earlier in this section can be formed in the
reaction

160 43 He =!8 Ne+n
or as a nuclear physicist would write
50 He,n)'®Ne.

The process has been studied in detail [92] and is usually referred to as direct
production. The cross sections are indeed large for the reaction above but
to produce a sufficient number of ¥ Ne isotopes for a beta-beam facility
using a MgO solid target, 120 mAmps of primary *He beam at some 13
MeV of total energy is required. This is far beyond what has been done so
far and would require the development of a new concept for the low energy
beam dump.

For the high intensity beam required for a beta-beam production facility
the target would be destroyed if it also had to cope with the full beam
heating from the stopping >He ions. To overcome this problem the target is
made sufficiently thick to maximize the production but still thin enough to
let through the remaining low energy ion beam so that it can be dumped in
e.g. a liquid metal cooled beam dump. If the operating direct production
facility in Louvain-la-Neuve in Belgium at the Cyclotron laboratory is taken
as a reference, the target of e.g. MgO would have to be 60 cm in diameter
to keep the power density at the level of the one used today. The proton
beam would have to be de-focused an wobbled over the target but providing
that a sufficiently intense >He beam can be produced this scenario seems
feasible.

In Fig. 2.6 the total cross section for the reaction above is plotted as a
function of the projectile energy. Note that below the Coulomb barrier at
a few MeV the cross section is vanishing which means that the low energy
tail of the ions can be dumped in a passive beam dump without any loss of
intensity.

2.3.5 Production ring

In direct production facilities the part of the beam which does not produce
a new isotope through nuclear reaction is simply lost in a beam dump. To
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Fig. 2.6 The measured cross section for producing 8Ne with a 3He beam in the reaction
603 He,n)'8Ne from [92].

avoid this “waste” of useful ions they could be re-circulated, re-accelerated
and sent through the target again. If the target is made sufficiently thin the
ions can be made to pass at the optimum energy for the desired reaction
channel each time ensuring that the majority of ions that react will produce
a “useful” ion. The limiting factor seems, at a first glance, to be the
angular straggling which eventually would make the re-circulated beam
too “large” to handle. However, it was recently shown [93, 94] that the
combination of energy loss in transverse directions in the target with re-
acceleration to compensate for the lost energy will result in a net beam
cooling. In [93] a wedge-shaped gas target is used in a dispersive region
of the ring which adds longitudinal cooling as particles with higher energy
can be made to pass through a thicker part of the target compared to those
with lower energy. Furthermore, the use of a gas target makes it possible
to handle a large amount of beam power. The produced ions are collected
with a second target consisting of e.g. tantalum foils contained in a box
with a hole through the center in which the circulating beam can pass the
target without interacting with the foils (see top part of Fig. 2.7). The
produced ions will be thermalized and neutralized in the foil, diffuse to
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the foil boundary as a neutral gas and through random walk in an effusion
process find the exit of the box where they are re-ionized and extracted
for bunching and further acceleration. The proposed reaction channels are
"Li(d,p)®Li and °Li(*He,n)®B, both assuming a gaseous target and inverse
kinematics (projectile lighter than target).

The isotopes ®Li and 8B emit higher energy neutrinos than °He and '®Ne
and could be used for a beta-beam facility with a longer baseline than the
the proposed EURISOL beta-beam facility. In [94] a Fixed Field Alternat-
ing Gradient (FFAG) accelerator with large longitudinal acceptance is used
to manage the beam without any longitudinal cooling. For both machines
the beam is injected partially stripped and the energy of the circulating
ions is kept high enough to ensure that all of them emerge fully stripped
after the target. The production of ®B and ®Li with 3He and deuterium
as projectiles and a liquid lithium target of enriched ®Li or “Li has been
proposed in [95] in which also a full six-dimensional analysis of the cooling
process is presented. A solid target would quickly overheat and burn and
be difficult to make thin enough to avoid an important re-absorption of
the produced ions. The thin liquid Li film could be produced with a high
pressure jet directed at an angle towards a flat deflector as proposed and
studied by [96]. The larger difference in magnetic rigidity between the pro-
jectile and the produced ion in this kinematic could permit beam collection
off-axes using e.g. a Wien filter after the target to separate the secondary
ions from the circulating primary ions (see Figure 2.8 and bottom part of
Figure 2.7). Note that if a Wien filter is used the primary beam may have
to be brought back to the nominal closed orbit with a “reversed” Wien
filter further downstream. The physical separation of beam and produced
ions will also reduce the background of beam particles deviated to large
angles — through simple (single) Rutherford scattering in the target — in
the collection device and it increase the total efficiency of the collection as
there is no need for a “hole” in the collector.

2.3.6 Production rates

The achievable production rate in a thick (ISOL) target can be estimated
using known cross sections and known diffusion and effusion parameters.
However, such estimates have large uncertainties without experimental ver-
ification of the input data. Still, with the objective of giving a reasonable
range for the annual rate of (anti)neutrinos at a beta-beam facility, the or-
der of magnitude which is believed within reach with the different methods
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Fig. 2.7 Conceptual sketch of the production ring. In the top part the ring is shown
with a collection device as proposed in [93]. In the bottom part the ring is shown with a
collection device off-orbit using a Wien filter to deviate the ions of interest towards the
device and to suppress some of the single scattered beam particles.

discussed in this section is given in Table 2.3. Furthermore, we are giving
limits for the production rate in the target and it should not be forgotten
that the extraction efficiency will vary considerably from a few percent up
to 90% for the number of (charged) ions extracted.

Only detailed studies of all parts of the target and ion source system
can give reliable numbers for the extraction efficiency.
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Fig. 2.8 Schematic representation of two different collection scenarios for the production
ring concept. In the bottom-right part of the figure, the collection scenario proposed in
[93] with a box with a hole through the middle for the circulating beam. The box
contains foils in which the produced ions are stopped and thermalized. The ions will
diffuse out of the hot foils and they will be collected and re-ionized for further ionization
as in an ISOL target. The cascade of Rutherford scattered beam particles from the
primary target will also be collected in the device. In the top-left part of the figure the
collection is down off-axes with a Wien filter creating a transverse separation between
the circulating beam and the produced ions.

Table 2.3 Estimates made by the authors for the production rate per second in the
target of a few isotopes of interest for beta beams. Note that the references are to the
methods rather than to the production limits.

Isotope Method Rate within reach  Reference
ions/second

8Ne ISOL at 1 GeV and 200 kW < 8 x 10! [86]

SHe ISOL converter at 1 GeV and 200 kW < 5x 10 [86]

¥ Ne Direct production through O (*He,n)*®Ne <1x10" [92]

SHe ISOL converter at 40 MeV Deuterons and 80 kW < 6 x 103 [90]

8Li Production ring through "Li(d,p)%Li <1x10™ [93]

2.4 Ion Transfer, Ionization and Bunching

The ions produced in a thick ISOL target has to be collected and ionized
before they can be accelerated. As explained in the previous section the
target is heated to a temperature above the “boiling point” of the element
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to be extracted and is collected as a neutral gas which will effuse out of the
target container, through a transfer line and into an ion source.

Experiments with noble gases have demonstrated that the velocity of
the neutral gas is in the order of 1 m/s so the distance between the target
and ion source should be kept as short as possible to avoid important decay
losses before ionization. The ideal ionization and bunching system for beta
beams should have very high efficiency, produce ions in a single high charge
state and bunch the beam, and it should be simple and highly resistant to
radiation. The bunching is necessary for the injection into circular machines
for further acceleration, a process which will be discussed in some detail
later. The bunching of ions for stable ion accelerators is usually done with
an ECR source, EBIS source or a Duoplasmatron source. These systems
are usually fed from a gas-bottle for gaseous elements such as Helium and
Neon but they operate at a relatively low efficiency (a few percent). For
stable ions this is not a problem as the gas flow can be easily increased to
compensate for the shortfall but for the beta beam this would represent
an unacceptable loss of efficiency. In addition, the individual pulses of
ions required for the beta beam represent a large number of charges which
cannot be handled with e.g. an EBIS source.

It is beyond the scope of this text to describe the details of each ion
source and buncher type. For our purpose it is sufficient to know that
an ECR source operates with a plasma generated with a radiofrequency
source and confined with a magnetic field. For the bunching of the beam
the ECR source is normally operated in a mode which favors capture and
confinement of the gas of interest and the ions are ejected from the source
by simply turning off the radiofrequency source. This effect is called the
afterglow and is used at CERN in the ion source and buncher for the LHC
ion programme. An alternative approach is to fill the ion source with
neutral gas and contrary to the afterglow mode, the ions are now ionized and
ejected when the radiofrequency source is turned on, and so called the pre-
glow mode [97]. The frequency has to be a lot higher for the number of ions
required for a beta beam and the magnetic confinement is complex so this
concept still requires major R&D before it can be considered operational.
For the afterglow operation the ions must be ionized to a low charge state
before injection into the ECR to reach good capture efficiency (neutral
gas injection into the afterglow operation has been tested but with limited
success). This can be done with a high efficiency monoECR source which
would also simplify the transport of the ions from the target area to the
buncher.
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It is at this stage worth introducing the concept of emittance (with
apologies to readers who already are familiar with the basics of particle
beams). The transverse emittance of a beam is set by the transverse beam
size and the angular divergence of the beam. The transverse emittance is
often written as ¢; and can be visualized as a surface in a two-dimensional
plot in which the beam size is plotted versa the beam divergence. For ions
at energies relevant for beta beams the surface spanned by these two pa-
rameters remains constant and cannot be changed by any conservative force
e.g. focusing. In fact, the beam simply behaves like any incompressible lig-
uid and the starting point for any more scientific discussion of emittances
is taken from Liouville’s theorem. The emittance will become smaller dur-
ing acceleration — an effect which in accelerator physics is called adiabatic
damping — but the normalized emittance, expressed as €] = ((v¢;) in which
0 and ~ are the Lorentz factors, will remain invariant even during accel-
eration. To change the emittance, some form of “beam cooling” has to be
used and we will discuss that briefly in the section on stacking. For the
beta beam, the initial emittance of the beam will be set by the ion source
and buncher.

Finally, it should also be mentioned that a charge exchange scheme [98]
was proposed at an early stage for the bunching of the beam. For this
type of operation the partly stripped ions are injected into a stripping foil
positioned in the closed orbit of a storage ring. The stripping will force
the ions onto the closed orbit of the ring and with the help of a radio-
frequency cavity the DC beam can eventually be bunched. However, there
are severe limits on the number of foil passages the circulating beam can
support due to angular straggling and the number of charges which can be
handled for a given aperture, which makes this option less interesting for the
beta beam.

2.5 Acceleration

The non-accelerator specialist is most likely to have heard about accelera-
tors in the context of the many synchrotron light sources in which electrons
are accelerated or in the context of medical machines for cancer treatment
and isotope production using protons. Both particle types were acceler-
ated early on in the history of accelerator technology and it is probably
fair to say that the basic equations guiding accelerator design were initially
derived with protons and electrons in mind.
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The two types of accelerators needed for protons and electrons respec-
tively differ in important aspects due to the difference in mass between the
particles (the difference in charge only reverses the polarity of the system)
and for the beta beam it is only worth retaining the proton accelerator as
a reference. In this text we will only deal with the main issues for ion (and
proton) acceleration and for a more detailed discussion we refer to e.g. [99].

Accelerating a heavy ion is more challenging than accelerating a proton
as the charge per mass unit (Q/A) is smaller and so-called charge-exchange
reactions are more severe. The first will make acceleration and transverse
and longitudinal focusing more demanding while the latter will increase
the losses during acceleration and storage. For the beta beam the losses
due to radioactive decay during acceleration and storage is an additional
complication.

2.5.1 Linear accelerators

The simplest and fastest form of accelerator, but also the most space de-
manding and costly, is the linear accelerator (linac). The possibility of
the fast acceleration of a (semi-)continuous beam in which the ions make
a single passage through each accelerating cavity, thereby avoiding some
collective phenomena which are particularly severe at low energy, makes
the linac the ideal first stage of a beta-beam facility. Such a radioactive ion
linac, albeit at lower energy and lower intensity, is already in use at e.g.
TRIUMEF’s ISOL facility ISAC-II (see Fig. 2.9). In principle, a linac can
also be used to accelerate more than one charge state [100] but this will add
to the cost and be more complicated to operate. In a multi-charge-state ac-
celerating linac the differently charged ions accelerated will be brought into
the single maximum charge state available using a simple electron stripping
stage at a sufficiently high energy. For the beta beam, light ions such as *He
and ®Li will predominantly emerge fully stripped from the bunching stage
after the target and ion source while heavier ions such as ®Ne will exhibit
a charge-state distribution. In the studies done so far the multiple charge-
state acceleration technique has not been explored. The cost of a linac is to
first order proportional to its length. This is determined by the requested
top energy, the available integral voltage gradient along the linac and the
A/Q of the accelerated particles. A recent study of high intensity ion linacs
[101] has shown that a suitable compromise between cost and performance
using SC cavities technology results in a top energy of beta-beam ions of
100200 MeV per nucleon after the linac.
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Fig. 2.9 The ISAC-II facility at TRIUMF consists of a linac in which the higher energy
stage acceleration is done with Super Conducting Quarter wave cavities. The cavities are
grouped four by four in cryostats keeping them at liquid helium temperature. The image
shows the cavities (and a solenoid) before being inserted into the cryostat. Illustration
courtesy of Robert Laxdal at TRIUMF.

2.5.2 Some basics about synchrotrons

The synchrotron is basically a linac in which the particles are bent with
dipole magnets into a closed orbit and return to the same radiofrequency
cavities over and over again for acceleration. The injector — which could be
a linac — fills the machine with particles, but as soon as acceleration has
started and the field in the dipoles is increased to keep the particles on a
closed orbit, no new beam can be injected. This leaves the injector of the
synchrotron hibernating during the cycling of the synchrotron and gives
the accelerated beam a highly bunched time structure set by the length
of the acceleration cycle. This renders the synchrotron much less efficient
than a linac for the production of high power beams. Furthermore, the
fact that the accelerated beam sees the same elements over and over again
makes it more sensitive for different electromagnetic field imperfections in
the machine resulting from e.g. element misalignments.

In a synchrotron, the beam performs oscillations in time (and distance)
about a closed orbit near the center of the beam pipe. These oscillations will



44 Accelerated Generated Neutrino Beams: Beta Beams

be determined by the focusing (and defocusing) elements in the ring, and
the setting of all the magnetic elements, which is usually called the “lattice”
of the machine. The lattice determines the shape of the beam envelope
around the ring, and determines the number of oscillations performed by
the beam as it moves along the closed orbit. This number, the “tune”, is
normally given as @, with a fractional part g. If the field imperfections
seen by the beam as it oscillates around the ring appear resonant with the
beam oscillations, the beam will be lost (see Fig. 2.10).

2.5.2.1 Space charge

The electrostatic and magnetic forces from the many particles which make
up each individual bunch — the “space charge” — will add (or subtract)
to the focusing in both a coherent and incoherent way. The result of the
incoherent part is that there will be a certain spread in the number of
oscillations, (), between individual particles in each beam bunch and this
will make it difficult to avoid instabilities. This phenomenon of incoherent
tune spread was first described in [102] which also derived a formula to
estimate the space charge (de)focusing of the beam. The incoherent spread
is expressed as dq which is the spread of the number of oscillations, @,
performed by the beam as it moves along the closed orbit. So far we have
discussed the instabilities in completely general terms but to understand
how we can manage some of the higher order effects it is worth considering
how the instabilities are induced. If the number of oscillations @ is (almost)
an integer — so-called dipolar imperfections — it is “dangerous” as the beam
will return to the point of the imperfection with the same phase (see Fig.
2.10). The oscillation amplitude will increase turn after turn until the
particle is lost. For a half-integer number of oscillations the particles will
return to the quadrupolar imperfections with the same phase every second
turn which will slow down the amplitude increase compared to the dipolar
effect. For higher order effects the time the instabilities take to grow will
be even longer. The experience from proton machines is that while any
rational number of @ in principle will cause instabilities, the longer time
constant and the fact that it is possible to compensate for higher order
effects makes a tune spread (d¢) of 0.25 manageable. The tune shift can be
expressed as

3Z°rRNt

4AB2Y3Lye (2.1)
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where R is the average radius of the machine, r is the proton radius, L
is the individual bunch length, N the number of ions per bunch, Z the
charge of the ion, A the mass of it, € the transverse rms emittance of the
bunch and (§ and ~ the Lorentz factors. The other constants are given
by the bunch shape (taken as pure Gaussian in this example) and the
machine vacuum chamber geometry. The important thing to note is that
for a given machine of a given circumference we have no real possibility
of changing the dq except by distributing the charges on an evenly spread
number of transversely large and in time flat bunches. Big gaps between
the bunches, very short and sharp bunch shapes and/or a small transverse
beam emittance will all result in a large tune shift. As we want to have as
many ions as possible to achieve a high intensity neutrino beam, the space
charge limitations will be very important and will ultimately determine the
absolute limit of any beta-beam facility in which we use circular machines.

There are evidently many other effects which might limit the number
of ions in the accelerator before the space charge limit is reached, such as
beam loading of the accelerating cavities. Similarly, the beam impedance
of the ensemble of vacuum chambers might induce other types of beam
instabilities, such as multi-bunch instabilities. However, one can argue
that the space charge effects are a result of the fundamental design (e.g the
circumference, energy range etc.) parameters and cannot be changed for
any existing accelerator.

N\
g Dipole
error
Before
error
Fig. 2.10 The figure illustrates how a single dipole error increases the amplitude of the

betatron oscillation for a particle with a @ of 5. The amplitude will increase with each
turn and eventually the particle will be“kicked out” of the machine.
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2.5.2.2 Injection and acceleration in synchrotrons

The semi-continuous beam from the linac is injected into the first syn-
chrotron over a large number of turns. The combination of the chosen
working point (@) and a deliberate shift of the central beam orbit with
dipolar magnets makes it possible to inject over 50-100 turns with only
moderate losses (< 30%) [103](see Fig. 2.11). The radiofrequency cavities
will be slowly ramped up once the injection process is completed forcing
the beam into the potential walls (or RF buckets as accelerator physicists
names them) and enabling the acceleration process to start. The speed of
the acceleration process is determined by the available RF voltage and the
ramp rate of the magnetic field in the magnets. It is possible to build syn-
chrotrons which operate with up to 50 Hz repetition rates for a change in
the bending dipoles magnetic field with a maximum factor of 10. However,
most of the larger synchrotrons, e.g. the PS and SPS at CERN, operate
with much lower repetition with cycle times of several seconds.
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Fig. 2.11 The multi-turn injection from the linac into the Rapid Cycling Synchrotron
(RCS) at the CERN beta-beam facility has been simulated [103]. The transverse phase
space of the RCS can be efficiently filled with up to 40 turns of semi-continuous beam
from the linac using a combination of dipoles which effect the closed orbit in the ring
and septa magnets which steer the injected beam.
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2.5.2.3 Beam losses

The manipulation of the ion beam between the different accelerators for
e.g. stripping and injection will induce losses. Furthermore, the collision
with rest gas in the accelerator itself and the decay of radioactive ions will
add to these losses. The lost ions can both induce radioactivity and cause
vacuum degradation.

To induce radioactivity the energy must be high enough for nuclear
reaction to occur (some MeV /u) while a vacuum degradation can be caused
at any energy through the secondary release of stable ions from the vacuum
chamber walls as the particles hit the inside of the chamber. Both effects
are best studied with Monte Carlo codes [104, 105]. The loss pattern along
the circumference of any synchrotron will be determined by the size of the
vacuum chamber and the lattice. The ions which change charge due to
gas collisions and decay products will continue on new equilibrium orbits
determined by the new mass-to-charge ratio, and as the machine is not
tuned to transport these particles they are highly likely to be lost e.g. at
the first obstacle in the new equilibrium orbit. Here there is an important
difference between using existing synchrotrons (built for e.g. feeding hadron
colliders) or using a machine specifically designed for the acceleration of
Radioactive Ton Beams (RIB); in an existing machine the losses have a
tendency of being equally distributed over the circumference while for a
machine designed for RIBs the losses can be concentrated to certain sections
in which collimators and absorbers (see Fig. 2.12) can help reduce the
negative effects of the losses [106].

For the beta-beam facility studied in [86] the lattice and aperture have
been chosen so that lost ions can be dumped in a controlled way or in-
tercepted by absorbers [107]. The decay products can successfully be kept
in the machine along the straight sections and extracted to a beam dump
before the arc with the help of a dipole and classical septa magnets (see
Fig. 2.13).  The arcs can be specially designed for used ions. For the
beta-beam facility studied in [86] the arc lattice have been derived for 1¥Ne
and %He and large aperture dipoles (160 mm diameter) are used with such
a length that all lost ions can be intercepted with absorbers after the dipole
in which the losses occur or after the consecutive dipole [107, 108]. The
choice of absorber length and material is important as the absorbers — in
the worst case — could simply serve as a point for the ion to break up in
a hadron cascade which could heat the following (superconducting) dipole
badly. To find the right design, a combination of particle tracking and
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Fig. 2.12 The beam loss from radioactive decay in the arcs cannot be avoided and the
dipoles must be adapted in length so that the daughter products are lost in absorbers
between the dipoles and not in the dipoles themselves. Illustration courtesy of Elena
Wildner at CERN.
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Fig. 2.13 For the beta-beam facility studied in [86] the length of the dipoles in the
arcs have been chosen [107] so that the lost lithium ions (from decay of 6He) are lost
between the magnets and not in the magnets where they could damage or overheat the
superconducting coils. Illustrations courtesy of Jacques Payet and Antoine Chance at
CEA.

matter interaction codes had to be used [110]. This work also demon-
strates that the overall losses in a representative part of the arc are kept
under the quench limit for classical superconducting dipoles but that at
certain points in the superconducting coils the losses are likely to cause
quenches. A possible way forward is to develop open mid-plane supercon-
ducting magnets in which the dominant losses in the horizontal plane of
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the beam are absorbed in the cold mass of the magnets, and not in the sen-
sitive superconducting strand [111]. Another solution is to use a thick liner
inside the dipole which would distribute the decay products over a larger
volume of the magnet mass and coil. The daughter ions from the decay in
the straight sections can be transported together with the ion bunches up
until the first dipole in the arc where they can be separated and dumped
in a controlled manner [107] (see Fig. 2.14).
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Fig. 2.14 For the beta-beam facility studied in [86] the daughter ions from the decay in
the straight sections are transported along the straight section together with the original
ion bunches and steered to beam dumps at the beginning of the arc [107] to reduce the
activation of elements and rock in the decay ring. Illustrations courtesy of Jacques Payet
and Antoine Chance at CEA.

2.6 Stacking and Storage

2.6.1 Why do we need stacking?

At low neutrino energies the background signal in the detector from atmo-
spheric neutrinos will be a major issue. To enable an efficient suppression
of this background it is necessary to operate the beta-beam facility with a
low duty factor where the duty factor is defined as

Nt
Duty factor = b

(2.2)

rev
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Fig. 2.15 The neutrino beam from the beta-beam facility will have a bunched structure
which mirrors the bunch structure of the ion-beam. In the figure, the neutrino bunch
originates from the ion bunch marked 1, the neutrinos from the decay of ions in the
bunch marked 2 have not left the ring yet but are travelling along the straight section
with the same velocity as the ions.

where N is the number of filled bunches in the decay ring, t; is the length
of the individual bunch in seconds and T}, the revolution time. The fact
that the neutrino beam will mirror the bunch structure of the ring is not
obvious at first glance but follows from the fact that the ion bunches travel
at a speed very close to that of light. The neutrinos emerging from the
beta-decay process in one straight section will simply accompany the ion
bunches up until the first bending magnet where the neutrino bunches
will continue straight forward while the ions follow the closed orbit of the
ring (see Fig. 2.15). The limits for an acceptable duty factor are set by
several parameters and will be discussed in detail in Section 3.3.1.3. For
our discussion in this chapter it is sufficient to know that the duty factor
for a beta-beam facility operating at Lorentz v = 100 using isotopes with
an average neutrino energy spectrum of a few MeV at rest would require
a duty factor not larger than a few 1073. The lifetime of an isotope with
1 second half-life at rest will be 100 seconds at v = 100. The beta-beam
complex discussed in Section 2.2 will accelerate one batch of ions every 5-10
seconds, so to keep the duty factor low and the intensity high it is desirable
to put fresh ions into the same buckets in which the already circulating ions
reside. Dumping the circulating beam which has a radioactive half-life of
some 100 seconds after only 5-10 seconds for a refill would be a waste of
ions, and to increase the time between refills would also result in a lower
rate of neutrinos (see Fig. 2.16). To do this, it is necessary to perform
some form of stacking, and if possible, also some form of beam cooling.

2.6.2 Beam-cooling

Cooling in the context of particle beams usually refers to the compression
of phase space, either transverse phase space which is spanned by beam
size and divergence, or longitudinal phase space which is spanned by bunch
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Fig. 2.16 The radioactivity in the decay ring for the beta-beam facility studied in
[86] using: i) a stacking scheme with up to three injection pulses stacked before losses
stabilizes the achievable activity (full line), ii) a re-filling scheme with the same frequency
as for stacking but in which the circulating bunch is killed before each injection (dashed
line) and iii) a re-filling scheme with a lower frequency to permit more of injected ions
to decay before the bunch is killed (dotted line).

length and energy spread. Phase space is referred to as the emittance (€), for
the transverse plane it is measured in units of mm x mrad and longitudinal
case in units of eV x s. The total phase space available will for the transverse
planes be set by the available machine aperture and the machine lattice;
for the longitudinal case the available RF voltage and frequency of the RF
system. The important point is that there is a limited amount of phase
space available in all dimensions and that given a certain value for the
incoming beam emittance it will only be possible to fit a certain number
of beam batches into this phase space. The only way to increase the space
available for a new beam is by compressing the particles which already are
in the decay ring into a smaller part of phase space. We refer to this process
in accelerator physics as beam cooling.

There are two different techniques for beam cooling in synchrotrons,
electron cooling and stochastic cooling. The techniques differ in the way
they are applied but the conclusion for beta beams is that for ions with a ~y
above 100, the cooling times for any realistic set of cooling system parame-
ters measure in tens of minutes which is too long to have any practical use
in stacking.
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2.6.3 Stacking

The injection process used between the linac and the first synchrotron in
the beta beam scenario in [86] is a form of transverse stacking. For the
decay ring it would be impractical to use this method as the time between
injections into the decay ring is long and the beam is bunched. A more
useful approach is to stack in longitudinal phase space [109].

To perform longitudinal stacking two RF systems are required with one
system having half the frequency of the first. In addition, fast switching
magnets are needed for the injection of the new ion bunches. In the first
step the ion bunches are injected at a slightly higher (or lower) energy than
the circulating ions, which will force the beam to follow a different orbit of
a larger radius in the machine. In this orbit the injection system with the
fast switching magnets will not interfere with the circulating ions which is
necessary as the magnets would be too slow to act between machine bunches
and could accidentally disturb, or even eject, the circulating beam. The
injected bunches are in the next step grabbed by the RF field of a cavity
of half the nominal frequency but with a high voltage and accelerated (or
in longitudinal phase space rotated) to the nominal beam energy, thereby
to the same orbit as the circulating ions. In the last step the smaller
incoming bunch is merged with the larger circulating bunch using the two
RF systems and adjusting amplitude and phase in such a way that only the
small incoming bunch is asymmetrically merged with the center part of the
large circulating bunch.

The net effect is that phase space density in the center of the circulating
bunch is increased and that the outer parts of the bunch (the edges of the
bunch and the particles with largest energy diversion) are pushed outside
the potential well formed by the RF system and lost. The process has been
simulated using the ESME code [112] and in Fig. 2.17 the four major stages
of the process are shown.

The feasibility of the asymmetric bunch merging process was also tested
in the CERN PS with very good results. In the PS tests empty phase space
was merged with very high efficiency with a high intensity proton bunch
in the PS (see Fig. 2.18). For the beta-beam facility used as a reference
in this chapter the merging can be done up to 15 times for an A/Q of 3
and up to 20 times for an A/Q of 2. The RF system makes use of an
80 MHz and a 40 MHz RF system. The increase in number of possible
merges before filling phase space with the inverse of the A/Q is due to the
increased longitudinal focusing at lower A/Q@s. In reality the efficiency of
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Fig. 2.17 The stacking scheme proposed for a low-duty-cycle beta-beam facility has been
simulated with ESME. The simulation is done after the stacking reaches equilibrium and
starts (a) with the injection of a “fresh” parallel in phase (or time) to the circulating
particles but at a higher energy and consequently in a different orbit. The next stage
(b) is the rotation with RF cavities of the bunches so that they both end up at the
same energy. This is followed by the asymmetric merging (c) of the center of the large
circulating bunch and all of the injected bunch. In the last picture (d) the resulting
circulating bunch can be seen to have an onion-like structure due to the sequential
merging of the center part which pushes ions which have been circulating longer towards
the edge and eventually out of the bucket. Illustration courtesy of Steven Hancock at
CERN.
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Fig. 2.18 The stacking scheme was tested in the CERN PS [109] where a high intensity
proton beam was merged with a small part of empty phase space with high efficiency. In
the top part of the figure is the line current for the bunches during the merging process
and in the bottom part the tomographic [113] reconstruction of the bunches are shown.
Illustration courtesy of Steven Hancock and Michael Benedikt at CERN.

the merging will be further limited by the phase stability of the RF system
and assuming a realistic RF parameters and stability an overall stacking
efficiency of 80% can be reached for both ®He and ®Ne [114]. In Fig. 2.19
the efficiency of each stacking cycle is plotted as a function of number of
merges. The ions which are pushed out of the potential well formed by the
RF cavity will eventually be lost. The total beam power injected is about 1
MJ for the reference facility and up to 50% of that beam power is lost from
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Fig. 2.19 The stacking efficiency for each merge will decrease as the RF bucket in
the decay ring gets filled. The efficiency is plotted as a function of number of merges
(maximum 15 for 6He), the dashed rectangle is the ideal case in which 100% efficiency is
achieved for each merge until the RF bucket is full after 15 merges for He. Illustration
courtesy of Steven Hancock at CERN.

the bucket during stacking and has to be “scraped” away with longitudinal
collimators.

The decay ring [107] will have to be specially designed for this stacking
scheme with a large energy spread in the transverse plane — or large disper-
sion as accelerator physicists call it — for the injection region and another
large dispersion region for beam collimation. The “natural” dispersion in
arcs caused by the bending dipoles can be used for the injection while the
collimation is better done in one of the straight sections. The reason for
this is that the requirement to keep the decay ring compact and the arcs
short compared to the straight sections will require the use of supercon-
ducting magnets which are sensitive to beam loss. The collimation is done
with scrapers — or collimators — which will catch the ions pushed out of the
bucket by the merging process and consequently have the highest energy
deviation from the central beam energy. The dispersion at the collimators
will ensure that only ions with high energy deviation are intercepted by the
transversely acting collimators.

A further consideration for the decay ring design is the average (optical)
beam divergence in the straight sections. It can be estimated from the beam
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2.6.4 Annual rate of neutrinos

The purpose of the beta-beam facility is to produce a well collimated beam
of single flavor electron (anti)neutrino beams. For the ideal beta-beam
facility in which all ions accelerated can be stored in the decay ring until
they produce a neutrino and are lost, the annual rate is simply the number
of ions injected per time unit multiplied by the length of the running period
per year in seconds. In Particle Physics the typical running period in one
year is called a Snowmass year — named after the recurrent particle physics
meeting in Snowmass in the USA [115] — which is 107 seconds long. This
is roughly a third of a real year and it simply reflects the typical length of
a particle physics run at a large accelerator laboratory.

When the decay ring only can stack a certain number of bunches the
upper intensity limit in the machine can be calculated from the truncated
series of repeated injections in the decay ring. In Fig. 2.20 the actual
fraction of stored ions compared to the ideal case in which all injected ions
are stored in the ring is plotted as a function of the number of “merges” for
both He and ®*Ne. Note that the realistic case of only 15 merges for ‘He
and 20 merges for 18Ne only corresponds to an efficiency of the stacking
scheme of 54% and 26% respectively.

The maximum number of surviving ions from n repeated injections of
N radioactive ions into the decay ring every T seconds can be written as

Niot = N + Ne ™+ Ne7 M 4 Nem(m=DAT (2.3)

where A is the disintegration or decay constant of the isotope in question.

Using the geometric series Eq. (2.3) can be written as:
1— e—ATn

Nyt = N (2.4)

1—e
The final result converges for an infinite number of injections at an ex-
pression which simply states that the number of decays at equilibrium will
equal the number of ions injected. For the realistic stacking scenario the
maximum number of useful decays producing neutrinos is truncated. Note
that this is the maximum number of useful decays as it assumes perfect
stacking from the center of the bunch.

The decay constant for the radioactive decay producing neutrinos in the
right energy interval is not necessarily the only decay constant determining
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Fig. 2.20 In the diagram the fraction of 8He ions (upper line) and ®Ne ions (lower
line) stored in the decay ring using the stacking scheme discussed in Subsection 2.6.3 are
plotted as a function of the number of 100% efficient merges. The ideal case to which
the curves eventually converge is the ideal case in which all ions are accumulated in the
ring until they decay. The vertical lines for each ion type mark the stacking limits for
the beta-beam facility studied in [86], 15 merges for 6He and 20 merges for 'Ne.

the decay-rate of the ions in the decay ring. There might be other loss
processes such as vacuum collisions — resulting in a change of mass-to-
charge ratio of the ion — which can be expressed as a decay constant and
which dominate the total decay rate. For monochromatic neutrino beams
from electron capture decay there is often a radioactive branch of competing
[+ decay with a different decay constant. At stable operation, with the
maximum total number of ions in the ring being constant, the number of
“useful” decays from the channel pl can be calculated as the integral of
the activity )\pthote’Aa”T for one stacking period, 7. Just to avoid any
misunderstanding, the subscript pI refers to the partial decay constant for
the decay channel producing the “useful” neutrinos and all to the sum of
all decay constants (Mg = Ap1 +Ap2 +...). For radioactive decay the decay
constant will be time dilated and relates to the decay constant at rest as
A= )\rest/'-)/'

For later use in the discussion on storage of partly stripped nucleus or
nucleus with more than one decay channel it is helpful to write out the
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resulting integral and its general solution.

)\pthot e_)\a”t T_)\pthot
T X Jg AaT

1 (T

A= T / )\pthote_Aa”tdt: (1 — C_AQHT) .
0

(2.5)

For any form of beta decay in which one decay process (pl) dominates

(A =X ~ Ap) and with Nio, from Eq. (2.4)

N —An
A:T(l—eAT). (2.6)

To get the annual rate at the end of one of the straight sections for a
(Snowmass) year of 107 seconds we have to multiply 2.5 by the relative
length of the straight section (f) compared to the circumference of the ring
which finally gives the annual rate of neutrinos:

A= 10@1% (1—e?T) . (2.7)

The annual rate of the beta-beam facility studied in [86] is assumed to
reach 1.1 x 10'® electron neutrinos per year from the decay of '8 Ne and
and 2.9 x 10'® electron antineutrinos per year from the decay of 6He. To
reach thess ambitious goals a production rate of 2 x 10'3 ions per second
of each species is required. The overall efficiency from the ion source to
the number of ions injected into the decay ring is assumed to reach 12%
for ¥ Ne and 25% for SHe. Using the previously quoted efficiencies for the
stacking scheme the total efficiency from the ion source to ions decaying in
one straight section (which is 36% of the total circumference) is 1% and 5%
respectively.

2.6.5 Other limitations

The acceleration of particles in a synchrotron requires an RF system which
can deliver a certain power to the beam for acceleration. The efficiency in
the coupling between a given RF system in a given ring is frequency depen-
dent and is e.g. for the CERN PS 20%. The PS was built for fixed target
physics with protons which are easy to produce and ionize. Consequently,
the total number of charges which can be handled is an impressive 4 x 1013,
sufficient for both ion species in the beta beam studied in [86].

The aperture of any accelerator will evidently limit the size of the in-
jected beam. Together with the lattice of the machine this translates into a
certain acceptance which is calculated in the same units as beam emittance.
An obvious drawback of using an existing machine is that the acceptance is
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difficult to change and if the machine has been designed for low emittance
beams it might simply be useless for a high intensity ion beam. Just as
for the RF power limitations the study in [86] found that the similarities
between protons and ions and the fact that the CERN synchrotrons were
designed for a high intensity fixed target physics program makes it possible
to reach a reasonable performance using existing CERN machines for the
beta beam.

2.7 Possible Future Development

The beta-beam facility first studied at CERN in 2002 [86] was built with a
requirement to re-use a maximum of the existing accelerator infrastructure
and to — as far as possible — only depend on known technologies for e.g.
production and bunching. It is possible to imagine a rather different facility
if these constraints were ignored. It is apparent from physics reach studies
that if the annual rate of the neutrinos could be increased to some 10'°
electron (anti)neutrinos per year, the beta beam concept would have a
much larger scope. In this section some ideas which go beyond the original
CERN baseline are discussed.

2.7.1 Accumulation at low energy

The magnetic field in a synchrotron has to be increased during acceleration,
making it impossible to accelerate a continuous beam. New particles can
only be injected once the magnets are back to the field corresponding to the
injection energy. The time between two injections can be as long as several
seconds for a high energy synchrotron such as the PS and SPS at CERN
or as short as 20 milliseconds for a rapid cycling synchrotron such as the
ISIS at Rutherford labs. The combination of synchrotrons proposed for the
earlier discussed CERN beta-beam facility will induce a total dead-time of
up to almost ten seconds for the production side. The simplest way to make
use of this lost production time is to accumulate the produced ions before
further acceleration (see Fig. 2.21). The accumulation can in principle be
done at rest in some form of electromagnetic trap e.g. an ECR source with
a long retention time. However, the more common solution is to use a low
energy storage ring with a beam cooler to accumulate and cool the ions.
Such a scheme is used for the CERN Large Hadron Colliders (LHC) ion
physics programme. The acceleration time is used to accumulate and cool
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Fig. 2.21 Accumulation at low energy is a gain for the annual rate of neutrinos from the
facility as radioactive ions can be produced and stored while acceleration of an earlier
production batch is in process. The figure shows the machine cycle without accumulation
(top) and with accumulation (bottom).

intense and small bunches of lead ions to achieve a reasonable luminosity
(collision event rate) in the LHC detectors. A study has been done for the
beta beam in a similar set-up [116]. The main difference to the LHC type
accumulation ring is that the ions are radioactive and will decay. The result
is that it only makes sense to accumulate for up to some three half-lives in
total. However, the gain in intensity for the neutrino beam can be up to a
factor of five, significant for isotopes which are difficult to produce.
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2.7.2 Two isotopes in the ring at the same time

A beta-beam facility can produce both the electron neutrino and the anti-
electron neutrino from beta™ and beta™ decaying ions. In principle, the
two types of ions can be kept at the same time in the decay ring which, in
theory, would make it possible to make a measurement in a shorter time.
The ions would be kept in different bunches sufficiently well separated in
time to permit the experiment to treat the signal from either ion type
independently. To keep ions with different charge (¢) and mass (m) on orbit
in a ring with a given bending radius (p) and a fixed magnetic field (B) in
the dipoles, the momentum (P) of the two ion types must be different. For
our purpose where the energy is high (Lorentz § =~ 1 for both ion types)
and the key parameter for the performance of the facility is the kinematic
boost of the ions, it makes more sense to discuss the relationship between
the Lorentz ~ of the two ions rather than the relationship between the
momenta. Given that

P
q q
and
BarpPpr1
the relationship between the Lorentz - factors of the ions becomes
_ mB/qB
ma/qa

For a symmetric storage ring with an average bending radius (p) in the arcs
and with two equally long straight sections (L) the revolution time can be
written as
2mp + 2L
Trevolution T
Bc

The revolution time in the ring for the two ion types must be identical
to enable longitudinal control of the beam with a common RF system for
storage and accumulation. For two types of ions (A and B) this requirement
will induce a difference in average radius (p) between the ion types to
compensate for the difference in 3. For

pa=pp+Ap

the difference becomes

Ap:ﬁ—A<L—B+pB> - (L—A+p3).
B\ 7 ™
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Note that the index (A and B) for the straight sections refers to the ion
types rather than the two different straight sections. The fact that the ions
have slightly different orbits can be used to separate them in the straight
sections so that one ion type is made to follow a longer beam path (e.g. by
adding a small loop to the straight section for one ion type) which would
reduce the average radius difference. However, there are several problems
with keeping two ion types in the machine. One is that the radius difference
for the typical gamma of beta-beam facilities will be sufficiently important
to require a large horizontal aperture of the dipole magnets which can be
very costly. Another is that the production, acceleration and stacking also
must be doubled if there should be any real gain for the experiment. The
main bottleneck in present proposals is the acceleration cycle which would
have to be repeated twice and in sequence for two different ion types. As
this would take twice the time, the loss in accumulation rate for each ion
type would lead to a lower annual rate for each neutrino type and no overall
gain for the experiment. Note that even if this problem could be partly
overcome with an accumulation stage at low energy and some doubling of
the accelerator stage, the accumulation and merging in the decay ring into
a few bunches to keep the duty factor low would be extremely complicated,
maybe even impossible due to the shared RF system.

2.7.3 Higher gamma

Several physics reach studies have been done for a beta-beam facility with
higher energy than the one proposed in [86]. The consequences for the
machine are important, not least the fact that the existing accelerators at
CERN which formed an essential part of the accelerator complex in [86]
only can accelerate '®Ne to a gamma of 250 and %He to a gamma of 150.
Still, other laboratories have synchrotrons which can accelerate to higher
gammas e.g. a conceptual study was done at Fermi lab for a gamma of 300
using the Tevatron as the pre-accelerator (see Fig. 2.22).

There are consequences for the focusing of the neutrino beam with an
increase in gamma as the focusing to to first order is inversely proportional
to gamma. The opening angle, ©, of the neutrino beam as given by the
kinematic focusing is: © =~ 1/v. For the decay ring design the most im-
portant differences are a) that the life-time will be longer due to increased
time dilatation which will influence the stacking efficiency and the annual
rate at the end of the straight section (see Figure 2.23) and b) that the
decay ring will have to be larger or the dipole magnets more powerful to
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Fig. 2.22 A beta beam decay ring with a magnetic rigidity of 1500 Tm and a gamma
of 300 would fit on the present Fermi laboratory site. Illustration courtesy of Andreas
Jansson from FNAL.

cope with the increased magnetic rigidity of the radioactive ions. Assuming
a perfect arc completely filled with dipoles the length of the decay ring can
be calculated for different gamma (see Table 2.4).

2.7.4 Barrier buckets in the decay ring

At neutrino energies corresponding to atmospheric neutrinos it is very im-
portant to keep the duty factor low to permit suppression in the experiment
of atmospheric background. The result is that only a fraction of the ca-
pacity of the decay ring can be efficiently used as only a limited number
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Table 2.4 Some possible decay ring options for a dif-
ferent Lorentz gamma of SHe. The decay ring arcs
are in all cases considered to be completely filled with

dipoles.
Gamma  Rigidity Ring length®  Dipole field
[Tm]

100 935 4197 3.1

150 1403 6296 4.7

200 1870 8395 6.2

350 3273 14691 10.9

500 4676 20987 15.6

2Assuming a fixed field of 5 T and a single straight
section of 36% of the circumference.

b Assuming an arc radius of 300 m and a decay ring
length of 6885 m.
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Fig. 2.23 The annual rate as a function of the v in the decay ring for 10'* ®He ions

stored in the ring. One of the straight sections of the ring represents 36% of the total
circumference.

of injected pulses can be accumulated in a single bunch (see [109]). To
make full use of the storage capacity of the decay ring the beam could be
kept unbunched in the decay ring. The problem with an unbunched beam
which fills the full circumference of the decay ring is that it is impossible to
inject without disturbing the beam in the ring. A possible solution is to use
RF cavities as barriers for the unbunched beam so that an “injection hole”
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is created for the new beam from the injectors. This kind of longitudinal
beam manipulation in a storage ring is referred to as “barrier buckets” and
has been tested with high intensity proton beam at the AGS in Brookhaven
[117] (see Fig. 2.24). The consequence of this is of course that the neutrino
beam will have no real duty cycle. The injection hole in the beam will
create some empty time slot in the neutrino beam which maybe could serve
as a reference for background estimates in the detector.

125

100

75

0 1 2 3 4 5 0 1 2 3 4 5

Fig. 2.24 1If the physics requirements on the duty factor can be relaxed, a “barrier
bucket” stacking scheme can be used such as the scheme tested at the Brookhaven AGS
for accumulation of protons [117]. In the left part of the figure the voltage of the two
cavities acting as “barriers” are shown versa time in the ring for different time slices of
the accumulation process. In the right part of the figure the corresponding proton beam
intensity is shown versa time. Note how the two RF barriers move apart to create an
injection hole in the otherwise continuous beam of the ring.

2.7.5 Acceleration of partly stripped ions

Proton-rich nuclei can also decay via electron capture and the neutrino
emitted will in this decay mode be mono-energetic as there is no positron
emitted simultaneously. The electron capture process is often the only pos-
sible decay mode close to stability where there is insufficient energy avail-
able in the decay to form the required electron-positron pair for 3% decay.
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The lifetime of most isotopes decaying with electron capture is generally
long which makes it difficult to use this decay mode for the production
of a mono-energetic electron neutrino beam [118, 119]. The exceptions are
some exotic rare-earth isotopes [120] in which the decay to the ground state
in the daughter nuclei is highly hindered so that the electron capture pro-
cess to a higher lying excited state can compete. The equivalent process
on the neutron-rich side is bound beta-decay in which the emitted electron
is captured in an atomic orbit and the anti-electron neutrino is emitted
with a definite energy. The branching rate for this process is generally very
small but there has been a proposal to use it in combination with electron
capture decay for a CP-violation measurement [121].

A definite requirement for electron capture decay is that the nucleus
only is partly stripped so that there is an electron available for capture.
The acceleration of partly stripped nuclei is fairly straightforward [122].
The main difference compared to accelerating fully stripped radioactive
ions is that the loss (or gain) of electrons will change the mass-to-charge
ratio of the isotope which will cause additional losses. At high energy
the likelihood to pick up an electron is vanishingly small. However, the
likelihood of losing an electron will, expressed in an equivalent half-life, be
in the order of minutes in a ring with a modern ultra high vacuum system.
The annual rate for electron capture decaying nuclei is modified by the
“vacuum halflife” which will compete with the radioactive decay in the
straight section but without producing any neutrinos. If the two processes
are expressed as decay constants the total decay constant can be written
as the sum of the two, A\tot = Apac + Aee- Inserting this in the integral in
Eq. (2.5) the modified annual rate (for a Snowmass year of 107 seconds)
can be written as

Rate = N_f X M X (]_ _ e*mT(Aec/’Ytoer)‘vaC)) X ]_07
T Aec/r)/top + /\Uac
where N is the number of incoming ions into the decay ring per injection
cycle, f the fraction of the decay ring being a straight section pointing
towards the detector and T the time between injection cycles.

The half-life of the partly charged electron capture decaying nuclei with
only n s electrons left will scale as 1/n? [123, 124] e.g. a Dy atom with
only one 1s electron left would still yield 40% more than 40% a neutral Dy
atom.

The isotope *2T'm with a half-life of 8 seconds is one of the shortest liv-
ing nucleus with an important part of the decay going via electroncapture.
This is still a half-life five times longer than ®He which will have a negative
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influence on the annual rate for the same amount of isotopes stored in the
decay ring. This rather heavy nucleus with 69 protons (Z = 69) would
typically have a charge state of above 50 at higher energies. The combina-
tion of the high charge state, the longer half-life and the electron stripping
losses will require a large number of ions to be accelerated and stored in
the decay ring to keep the annual rate high. For this specific case the tune
shift in the CERN accelerators PS and SPS would peak well above 0.25 to
keep the annual rate at 10'® electron neutrinos at the end of one straight
section for a year of 107 seconds.



Chapter 3

CERN-Fréjus Beta Beam Physics
Potential

3.1 Introduction

A beta beam is produced from the decay of a high energy radioactive ion
beam, resulting in a pure v, or ¥, beam. The flavor transitions that can,
in principle, be studied in this facility are:

Ve =V Ve = Ve Ve—Vs

Ve = Uy Ve — Ug Ve — Us.
In the laboratory frame, the neutrino flux, ®'aP_ is given by [125]:

d(I)lab Nﬁ 72 )

—o | =73 y(l—yv(1—y)?—y? 3.1
where Ng is the number of ion decays per unit time, g is the endpoint
kinetic energy of the beta particle, «y is the relativistic Lorentz boost factor,
me is the mass of the electron, dS is the element of solid angle, L is the

distance between the decay ring and the detector, 0 < y = Q’YEéﬁ < 1-ye,
and ye = me/Qg; and

1 Y
)= — V1 —42(2 - 9y2 — 8yd) + 15yt log | ————=| ¢ . (3.2
9(ye) 60{ Y2 (2 —9y. — 8y) velog | T A= (3.2)
The intensity and the energy shape of the neutrino beam are determined
by just four quantities: Ng, @g, 7y, L. Once these parameters are fixed, the

neutrino flux can be calculated precisely since the kinematics of G decay is
very well-known [127].

There are some approximative scaling laws at the varying of the param-
eters (assuming Ng constant): the maximum 7 to which a given accelerator
can accelerate a ion is proportional to Z/A. For instance, if SPS can acceler-
ate *He (Z/A = 2/6) up to v = 150, 18Ne (Z/A = 10/18) can be accelerated
up to v = 250.

67
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The neutrino flux ® at a far detector placed at a distance L is:
2
P x 12
because the emission angle of the neutrino from the parent ion, in the
laboratory frame, is proportional to v~ 1.
Since the optimal distance L is defined by the oscillation Am?: L o
E,/Am? and E, o 7Qp the flux becomes
(Am?)?
@
Considering that the neutrino interaction rate I at the far detector is
I = 0® and that the neutrino cross section o goes as o « F, (this scaling
law becomes inaccurate for £, < 5 GeV) we can derive the important merit

factor M

P x

v
M x 2 (3.3)
It follows that performances of a beta beam scale as the Lorentz boost
factor v and are inversely proportional to the endpoint energy @)g.

It should be noted that the end point energy of a muon decay being 68
MeV while a suitable beta-decay isotope as °He has an end-point energy of
about 3.7 MeV, the merit factor of a beta beam is about 20 times better
than the merit factor of a neutrino factory.

Besides these scaling laws there are other very important considerations
to be taken into account for the choice of ions and of v, as discussed in
Section 2.3.1, such as the production rate and the lifetime of the ions.

Of course the above discussion does not take into account any detector
considerations, that could heavily affect overall performances because of
detection thresholds, signal efficiencies and detector backgrounds.

3.2 The CERN-Fréjus Configuration

The CERN beta beam can accelerate He ions up to v = 150 and '®Ne ions
up to v = 250. Given the characteristics of the ®He decay, this translates
to mean neutrino energies of up to ~ 600 MeV, equivalent to a maximum
baseline of 300 km.

The only realistic candidate site for the excavation of a megaton class
detector fitting this request is the Fréjus site, at a distance of 130 km.

To fit this distance the optimal v for 6Heis v ~ 100. Higher v values
would increase interaction rates in the detector, but not the oscillated event
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interaction rates by very much, since the baseline would no longer fit the
oscillation pattern. Furthermore background rates would rise, as discussed
in Section 3.3.1.

Smaller v values would have the advantage of suppressing background
rates in the detector, 76y, = 66 had been indeed the initial choice for
the CERN-Fréjus configuration [128] for this reason. Under this condition
however the neutrino flux is smaller and a bigger fraction of v, events cre-
ated by oscillations produces a muon below the Cerenkov light production
threshold (p, > 120 MeV/c).

The CERN-Fréjus configuration (CFBB) is not designed to be the ab-
solute optimal configuration for a beta beam experiment. It is intended to
be a realistic setup where both the beam and the detector sites are chosen
among realistic conditions.

3.3 Data Analysis

The most sensitive process in a beta beam experiment are v, — v, transi-
tions as will be discussed in Section 3.4.

They introduce an experimental problem never faced so far, the detec-
tion of a small content of v,, events in a pure v, beam. This process can be
complemented by v, — v, transitions, where a small deficit in v, spectrum
is looked for.

The combination of the two processes demands a detector capable
of measuring with precision and high purity both electrons and muons.
Furthermore, as we will see, to achieve good sensitivities for leptonic CP
violation, the detector should be massive, in principle several units of
100 kt.

The water Cerenkov technology, following the extremely successful ex-
perience of Super-Kamiokande, is the default choice for such a detector.
Liquid argon or liquid scintillator detectors are in principle also good candi-
dates, but their cost per unit mass is much higher than water. These detec-
tors can be competitive only for energy regimes where the water Cerenkov
technology becomes less efficient because multi-ring events become the dom-
inant process (see the discussion in Section 1.3.4.6), this energy is around
1.5-2 GeV.

The main problematics of this kind of experiment and the different
experimental approaches that have been proposed to attack the problem
will be discussed in the next sections.
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3.3.1 Backgrounds

While a beta beam provides an absolutely clean beam of v.(7.), back-
grounds can be produced by imperfect performances of the neutrino detec-
tor. The general problems will be discussed in the following, together with
a quantitative analysis of the specific case of the CERN-Fréjus setup. The
main sources of backgrounds are:

e 1, interactions in the detector where the outgoing electron is identified
as a muon;

e neutral-current (NC) interactions where a charged pion is produced and
then identified as a muon;

e atmospheric neutrino interactions in the detector, producing genuine
v, charged-current events.

3.3.1.1 Backgrounds from v, interactions

The experimental sensitivity requires that the electron-muon mis-
identification rate in the detector must be kept below 10~%. It is extremely
demanding to keep this rate so low.

A water Cerenkov detector is particularly efficient in this aspect, basing
its rejection on two powerful handles. First muon and electron events have
very different topologies in the detector, the former producing a rather
sharp ring, the latter a rather fuzzy ring. Furthermore a muon can be
positively identified by detecting its decay products: a Michel electron of
energy up to m,/2 with a characteristic time delay given by the muon
lifetime.

The Super-Kamiokande collaboration already developed these tech-
niques, demonstrating that the electron-muon identification can be kept
below 10~ for particle momentum below 1 GeV.

A Michel electron is produced only when a muon arrives to decay, a pro-
cess in competition with the muon absorption in water. This is the reason
why neutrino interactions are less efficiently detected than antineutrino in-
teractions (positive muons are repulsed and not attracted by nuclei). This
is also the reason why in heavier Z targets, for instance argon, this fea-
ture cannot be used, as the probability for a negative muon to be absorbed
before its decay is too high.
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3.3.1.2 Backgrounds from neutral-current interactions

The charged pions produced in the process
vN - A — Nm

where N is a generic nucleon and the charges are not specified, can be mis-
identified as muons, generating backgrounds. At the energies typical of a
beta beam, the momentum of these pions is such that the identification is
very inefficient. There are anyway methods to suppress this background:

(1) To produce a A the incident neutrino must have a momentum greater
than 337 MeV/c, neglecting the nucleon Fermi motion. Furthermore
the outgoing pion, to be detectable in water, must have a momentum
greater than 159 MeV/c. In practice neutrinos with energy less than
about 450 MeV cannot produce this kind of backgrounds. This is the
main reason why CERN beta beam were initially proposed with v = 66
[128, 129]: at those energies they are almost background free.

(2) The muon identification via the detection of a Michel electron is quite
efficient in suppressing 7~ backgrounds, as the probability that a neg-
ative pion be absorbed before the completion of its decay chain is quite
high.

There are two other aspects that need to be discussed about these back-
grounds.

As first the kinematics of pion production is different from the kine-
matics of the neutrino charged-current interactions producing muons. This
would suggest that an analysis of the emission angle with respect to the
incoming neutrino energy could help in discriminating pions from muons.
Unfortunately at neutrino energies below 1 GeV, Fermi motion makes this
criteria inefficient.

The second important remark is about the momentum of the outgoing
pions. The reaction is such that the momentum distribution peaks at the
small values. This particular distribution is in most cases very different
from signals coming from oscillated events, reducing the impact of pion
backgrounds to the final sensitivities (see also Fig. 3.6).

The production rate of A resonant events increases quite fast with en-
ergy on the other hand increasing the neutrino energy makes both energy
and angular selections more effective. In conclusion it is difficult if not im-
possible to make general conclusions about the effect of these backgrounds
as a function of the v factor of parent ions without a detailed Monte Carlo
simulation.
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Fig. 3.1 Rate of atmospheric v, 47, interactions in MEMPHYS, integrated in one year.

3.3.1.3 Backgrounds from atmospheric neutrinos

This background source has an important impact on the beta beam design,
so it will be discussed in some detail.

Atmospheric neutrinos are a continuous, isotropic flux of ve, v,, Ve,
v, neutrinos. The spectrum of v, and 7,, shown in Fig. 3.1 overlap the
spectrum of oscillated signals, providing a copious source of backgrounds.

A first selection can be performed selecting events compatible with the
neutrino beam direction. This selection cannot reduce the background very
much because both the quasi-elastic kinematics and the Fermi motion con-
spire to generate a loose correlation between the outgoing lepton and the
incoming neutrino. At the energies of the v = 100 beta beam, the angular
resolution is about 0.25 radians.

The only other handle is to keep the time in which beam neutrinos arrive
to the detector very short, in other terms the duty cycle of the beta beam
decay ring must be very short.

In [130] a full computation has been performed on the rate of atmo-
spheric neutrino backgrounds in a beta beam experiment, taking into ac-
count the fluxes in the detector, the angular resolution and the efficiencies
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in detecting signal events. The results of this simulation indicate that only
with a duty cycle of 1072 does the atmospheric neutrino background rate
go below the NC pion background rate.

As already stated, this in turn is the tightest constraint on the beta beam
design derived from the optimization of the oscillation sensitivities.

At higher « the constraint on duty cycle relaxes because the atmospheric
fluxes are less intense and the angular correlation tighter. This should help
in loosening this constraint.

3.3.2 Signals

The neutrino flux in this setup is shown in Fig. 3.2. In this energy range
almost all the neutrino charged-current interactions are quasi-elastic inter-
actions (QE), a two-body configuration very favorable for a water Cerenkov
detector.
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Fig. 3.2 Neutrino flux of 8-Beam (y = 100) together with the CERN-SPL super beam,
at 130 km of distance.

Quasi-elastic interactions produce just one charged particle above the
Cerenkov threshold, resulting in just one Cerenkov ring in the detector, a
configuration where the event reconstruction results very efficient. Further-
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more the two-body kinematics allow a precise reconstruction of the incident

neutrino energy from the measured momentum of the outgoing lepton and

the known direction of the incoming neutrino:

(M7 - mz) +2E,(M, —V)— (M, —V)?
—-E,+ (M, —-V)+p,cosb,

pree — & (3.4)
2
where M,, M,,, my, E,, pu, cos8, V are the proton, neutron, muon masses,
muon energy, momentum and angle with respect to the incoming neutrino
direction and the nuclear potential, set at 27 MeV, respectively. The per-
formances of Super-Kamiokande in lepton momentum reconstruction are
well-known, tested and documented, as well as the angular resolution.
The precision in measuring the neutrino energy is shown in Fig 3.3. The
energy of non-quasi-elastic events reconstructed with this formula results
underestimated, because of the different kinematics. This effect is hardly
visible in the low energy bins, where the non-quasi-elastic event fraction is
small.
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Fig. 3.3 Energy resolution for v, interactions in the 200-300 MeV energy range. The
quantity displayed is the difference between the reconstructed and the true neutrino
energy.

The non-gaussian features of energy reconstruction are taken into ac-
count by using migration matrices connecting true and reconstructed neu-
trino energy. They are computed by using NUANCE [131] and Super-
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Table 3.1 Events in a 4400 kton/year exposure. v, (7,) CC events
are computed assuming full oscillation, pion backgrounds are com-
puted from ve(7e) CC+NC events. The three lines refer to inter-
actions in the detector, selected after particle identification and
selected after the detection of the Michel electron.

Nel8 He6
v, CC 7t T v,CC at T
Interactions 139181 863 561 | 107571 952 819
Particle Id 105923 209 123 83419 242 170
Michel electron 67888 103 6 67727 117 7

Kamiokande reconstruction algorithms (see [132], p. 139). 50 bins in true
neutrino energy from 0 to 2 GeV are mapped onto 8 bins in reconstructed
neutrino energy from 0.4 to 1.2 GeV. In total 8 migration matrices are
used: for QE and non-QE events for each neutrino flavor ve, Te, vy, Uy.
Each matrix is normalized to take into account the single ring efficiency.
The migration is consistently applied to signal and v, background events.
Migration matrices are shown in Fig. 3.4.

Data reduction is shown in Fig. 3.5 for ®Ne events and detailed in
Table 3.1 for '®Ne and %He produced beam.

It is worth noting that the fraction of background events with respect to
the fully oscillated sample, after the analysis selection, is about 0.2%, well
below the ~ 1% characteristic of super beam experiments. Furthermore
these backgrounds (Fig. 3.5) have a different spectral distribution from
oscillated events, reducing their impact on oscillation analysis, as will be
discussed in Section 3.4.1.

3.3.3 Systematic errors

Following the discussion of Section 1.4, one of the main reasons for the
interest in beta beams in the context of ultimate long-baseline experiments,
is the possibility of having a good control of systematic errors.

The first issue is the control of the beam: the beam spectrum at the far
detector is fully described by the ion parents ~, their decay energy E,, the
experimental baseline L and the number of ions circulating in the decay
ring No. It seems feasible to keep these numbers under control in order
to get an overall ~ 1% systematic error in the neutrino beam fluxes at
the far detector. On the contrary super beam experiments need data from
a dedicated hadroproduction experiment to precisely determine neutrino
fluxes, having a ~ 5% precision as an ultimate goal.
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Fig. 3.4 Migration matrices for ve, vy, Ve and vy, events which pass the single ring cut
and particle ID. The sum of quasi-elastic and non-quasi-elastic matrices is shown. The
diagonal line denotes those points where reconstructed and true energy are the same.

Neutrino cross sections are necessary to estimate the interaction rates in
the detector. In the energy range of the beta beam, neutrino cross section
are poorly measured, with precisions of about 20%. The antineutrino cross
sections are in an even worse situation, as well as the cross sections for the
neutrino resonant production responsible for the pion backgrounds.

In the coming years the situation will certainly improve, thanks to the
data that the SciBoone [133] and Minerva [134] experiments, optimized
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Fig. 3.5 Left: Event reduction for 18Ne oscillated events (left) and pion background,
wt + 7~ (right).

to measure neutrino cross sections around 1 GeV, will collect, as well as
the close detectors of T2K. Nevertheless it is difficult to predict systematic
errors much better than 5 - 10% in the neutrino cross sections.

In this aspect however a close detector placed near the beta beam de-
cay ring will have a good chance to significantly improve the experimental
situation. The main reasons are:

e fluxes will be well known given the favorable condition of a beta beam
experiment;

e signal data can be collected with negligible background, allowing a very
clean data sample for the cross section measurement;

e the resonant production of charged pions can also be measured with
very little background, since they produce charged pions in the final
state that can efficiently separated from the electron produced by the
beam charged current interactions;

e the v of the parent ions can be varied in the accelerator complex, al-
lowing for a full scan of neutrino energies.

Under these conditions, a precision of a few percent in signal and back-
ground cross section measurements seems to be a realistic goal.

The weak point of cross section measurements in a beta beam close
detector is derived from its own purity. It has been shown in [64] that a
very important factor in LCPV searches is the determination of the v, /v,
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and 7. /T, cross section ratios. No v, or T, are present at the close detector
site, so these two cross section ratios cannot be measured in a beta beam
close detector.

The possible way outs are:

e Theoretical models about neutrino cross section can be improved, al-
lowing for a stringent definition of the cross section ratios. First princi-
ples would say that v, and v,, charged-current interactions differ only for
the lepton mass, and that this correction factor (sizable at beta beam
energies) can be precisely computed. Nuclear effects could anyway spoil
these predictions, introducing systematic effects around 2 - 5%. A fo-
cused effort in this direction is lacking in the literature and it should
be energetically pursued in case of a beta beam startup.

o A conventional neutrino beam, generating v, and 7,, interactions, could
be built ad hoc for this measure in the beta beam close detector. It does
not necessarily have to be a high intensity beam, but its design should
be tailored to achieve good precision in the cross section measurement.

3.4 Oscillation Analysis

In the following the CERN-Fréjus beta beam capabilities in measuring os-
cillation processes will be discussed.

The physics analysis is performed with the GLoBES open source soft-
ware [135], which provides a convenient tool to simulate long-baseline exper-
iments and compare different facilities in a unified framework. The exper-
iment definition (AEDL) files for the beta beam simulation with GLoBES
are available in [135].

Most of the results shown in the following are taken from [76].

Sensitivities in discovering non-zero values of 613 will be discussed in
Section 3.4.1, followed by sensitivities in discovering leptonic CP violation in
Section 3.4.2. In these analyses parameter degeneracies and correlations are
fully taken into account and in general all oscillation parameters are varied
in the fit. These sections will be followed by a discussion on the limitation
of the CERN-Fréjus setup (Section 3.4.3) namely the lack of sensitivity
in measuring the atmospheric parameters, in measuring sign(Am§3), in
unambiguously determining 613 and dcp in case of signal and in solving all
the degenerate solutions.

However these limitations can be overcome if the beta beam signals
are combined with the atmospheric neutrino signals that can be collected
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Table 3.2 Summary of default parameters used for the sim-
ulation of the beta beam experiment.

Detector mass 440 kt

Baseline 130 km

Running time (v + ) 5+ 5yr

Beam intensity 5.8 (2.2) - 10'® He (Ne) dcys/yr
Systematics on signal 2%

Systematics on backgr. 2%

“for free” in the MEMPHYS detector (Section 3.5). This will allow for
a considerable sensitivity in measuring sign(Am3,) (Section 3.5.1) and in
breaking degeneracies (Section 3.5.2) providing an unambiguous determi-
nation of 613 and dcp in case of signal in a given subset of the parameter
space.

Finally the synergies of a combined data taking with neutrinos from the
SPL super beam will be illustrated in Section 1.3.4.4, followed by an overall
comparison with the sensitivities that can be achieved by some super beam
projects (Section 3.7).

The default parameters used in the following are listed in Table 3.2.

To simulate the “data” the following set of “true values” for the oscil-
lation parameters is adopted:

Am3, = +2.4x 1073 eV?,  sin?fy3 = 0.5,

3.5
Am2, =7.9x 1075 eV?, sin? 015 = 0.3, (3.5)

a prior knowledge of these values is included with an accuracy of 10% for
012, 023, Am3,, and 4% for Am3, at 1o. These values and accuracies are
motivated by recent global fits to neutrino oscillation data [21, 22], and
they are always used except where explicitly stated otherwise.

3.4.1 013 searches

Non-zero values of 613 are looked for by exploiting v. — v, transitions.
Following Eq. (1.4), ve — v, transitions can occur even for null values of
013, thanks to the contribution of the “solar” terms.

The detection of a transition rate in excess of the solar terms is the main
signature of non-zero values of 613 . The sensitivity to 613 (or to sin? 26,5 ) is
defined as the smallest value of 013 (sin2 26013 ) which can be distinguished
from #1353 = 0. The final sensitivity to these transitions is characterized
by a small number of signal events, to be disentangled from backgrounds.
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Table 3.3 Number of events for appearance and
disappearance signals and backgrounds for the
beta beam experiment as defined in Tab. 3.2. For
the appearance signals the event numbers are given
for several values of sin?26;13 and dcp = 0 and
/2. The background as well as the disappearance
event numbers correspond to 613 = 0. For the
other oscillation parameters the values of Eq. (3.5)
are used. From [76].

ocp =0 dcp =7/2

appearance v

background 143
sin® 2613 =0 28
sin® 2013 = 103 76 88
sin® 2013 = 102 326 365

appearance U

background 157

sin? 2013 = 0 31

sin? 2013 = 1073 83 12
sin? 2013 = 1072 351 126
disappearance v 100315
disappearance v 84125

Under this aspect a beta beam setup appears to be very attractive, having
a very small number of backgrounds with an energy spectrum significantly
different from oscillation signals, as illustrated in Table 3.3 and Fig. 3.6.

Systematic errors do not play a major role in these searches, where the
important features are a high rate of neutrino events and a low rate of
background events.

From Eq. (1.4) and Fig. 1.2, it can be also noted that the value of dcp
can greatly influence the sensitivity to #13. This suggests a combined run
with neutrinos and antineutrinos (where the dcp effect is opposite sign) to
reduce such an influence.

The procedure to determine the 613 discovery potential is the following;:
data are simulated for a finite true value of sin® 26,3 and a given true value
of dcp. If the Ax? of the fit to these data with 613 = 0 is larger than 9
the corresponding true value of 613 “is discovered at 3¢”. In other words,
the 3o discovery limit as a function of the true dcp is given by the true
value of sin® 203 for which Ax?(6;3 = 0) = 9. In the fitting process Ay?>
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Fig. 3.6 Event rates for sin?2613 = 0.01, dcp = 0, for a 4x440 kt/year exposure of
18Nebeam. Solid lines are oscillation signals, dashed lines backgrounds from NC events,
dotted lines backgrounds from atmospheric neutrino interactions.

is minimized with respect to 012, 623, Am?,, and Am32;, and in general one
has to test also for degenerate solutions in sign(Am3; ) and the octant of fa3.

As anticipated in Section 1.2.2, degenerate solutions do not influence
013 sensitivity very much, for the simple fact that for very small 6,13 these
degenerate solutions disappear.

The discovery limits are shown in Fig. 3.7.

One can note that a guaranteed discovery reach of sin® 26,3 ~ 5 x 1073
is obtained, irrespective of the actual value of dcp. However, for certain
values of §cp the sensitivity is significantly improved. A sensitivity below
sin® 26013 = 4 x 10~* is reached for 80% of all possible values of cp. The
beta beam performance depends crucially on the neutrino flux intensity, as
can be seen from the dashed curves in Fig. 3.7, which has been obtained
by reducing the number of ion decays/yr by a factor of two with respect to
our standard values given in Tab. 3.2. In this case the sensitivity decreases
significantly.
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Fig. 3.7 30 discovery sensitivity to sin? 26013 for beta beam, as a function of the true
value of dcp (left panel) and as a function of the fraction of all possible values of dcp
(right panel). The running time is (5v + 57) yrs. The width of the bands corresponds
to values for systematical errors between 2% and 5%. The dashed curves show the
sensitivity of the beta beam when the number of ion decays/yr is reduced by a factor of
two with respect to the values given in Table 3.2.

The peak of the sensitivity curves around dcp ~ 7 appears due to the
interplay of neutrino and antineutrino data. The particular shape of the
sensitivity curves emerges from the relative location of the corresponding
curves for neutrino and antineutrino data, which is controlled by the L/E,
value where the experiment is operated and the value of |[Am3,|. The fact
that the peak is so pronounced follows from the fact that in the CERN-
Fréjus configuration L/E, is relatively small.

In Fig. 3.7 we illustrate also the effect of systematical errors on the
013 discovery reach. The lower boundary of the band for each experiment
corresponds to a systematical error of 2%, whereas the upper boundary
is obtained for 5%. These errors include the (uncorrelated) normalization
uncertainties on the signal as well as on the background, where the crucial
uncertainty is the error on the background. The beta beam is basically not
affected by these errors, since the background has a rather different spectral
shape (strongly peaked at low energies) than the signal. This is in contrast
with super beam experiments, as discussed in [76].

Let us remark that the 013 sensitivities are practically not affected by
the sign(Am?,)-degeneracy. This is easy to understand, since the data is
fitted with #13 = 0, and in this case both mass hierarchies lead to very
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Fig. 3.8 The same sensitivity curve as Fig. 3.7 (2% systematic errors), compared with
the present world limits on 613 [22] (solid lines), the 30 T2K sensitivity computed for a
10 year neutrino run, and the CFBB sensitivity for the disappearance channel, computed
for 1% systematic errors.

similar event rates. If the inverted hierarchy is used as the true hierarchy,
the peak in the discovery limit visible in the left panel of Fig. 3.7 around
dcp ~ 7™ moves to dcp ~ 0. However, the characteristic shape of the curves,
and in particular, the sensitivity as a function of the dcp-fraction shown in
the right panel, are hardly affected by the sign of the true Am32;. In case
of a non-maximal value of #23 the octant-degeneracy has a minor impact
on the 13 discovery potential.

Also v — v, transitions contribute to the 6,3 sensitivity. They are how-
ever marginal if the overall systematic error is around 2% (as a comparison
reactor experiments plan to reach systematic errors of about 0.2% in 7,
disappearance just to reach sensitivities of sin? 26,3 ~ 0.01). As computed
in [75], the CFBB experiment could reach sensitivities of sin®26;3 < 0.02
(90% CL) to v, disappearance. Such values, compared to the sensitivity of
Fig. 3.7, are clearly marginal.
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3.4.2 Leptonic CP violation searches

In case a finite value of 03 is established it is important to quantitatively
assess the discovery potential for leptonic CP violation (LCPV). The CP
symmetry is violated if the complex phase dcp is different from 0 and 7.
Therefore, LCPV is discovered if these values for dcp can be excluded.

Leptonic CP violation searches are performed by comparing event rates
and spectra in neutrino and antineutrino runs, as discussed in Section 1.2.1.
There are two possible regimes in this search: for relatively large values of
013 (say sin? 2015 > 0.01), signal event rates are rather large, while the
asymmetry between neutrino and antineutrino rates is relatively small. In
this condition background rates are not that important and the dominant
factor is systematic errors.

For relatively small values of 6,3, signal rates are small, while the asym-
metry is large. Under this condition systematic errors are less important,
while background rates become an issue.

The LCPV sensitivity curves are calculated by scanning the true values
of sin? 20,5 and dcp. Then these data are fitted with the CP conserving
values dcp = 0 and dcp = m, where all parameters except dcp are varied
and the sign and octant degeneracies are taken into account. If no fit with
Ax? < 9 is found, CP conserving values of cp can be excluded at 3¢ for
the chosen values of 53¢ and sin? 2645,

The LCPV discovery potential is shown in Fig. 3.9. For systematical
errors of 2% maximal LCPV (for &3¢ = 7/2, 37/2) can be discovered at
30 down to sin® 2013 ~ 2 x 10~*. This number is increased by a factor of 3
if the fluxes are reduced to half of the nominal values. The best sensitivity
to LCPV is obtained around sin®26;3 ~ 1072, For this value LCPV can
be established for 78% of all values of dcp (again for systematics of 2%).
The widths of the bands in Fig. 3.9 correspond to different values of the
systematical errors; it turns out that the most relevant uncertainty is the
background normalization.

The impact of systematics is very small for the beta beam. The reason
for this is that the spectral shape of the background in the beta beam
(from pions and atmospheric neutrinos) is very different from the sig-
nal, and therefore they can be disentangled by the fit of the energy
spectrum.

One finds that systematical errors dominate (kagr\/ﬁ > 1) if obker 2
6%. In the right panel of Fig. 3.10 we show the sensitivity to maximal
LCPV (as defined in the figure caption) as a function of opkgr. Indeed, the
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Fig. 3.9 LCPV discovery potential: for parameter values inside the ellipse-shaped
curves CP conserving values of §cp can be excluded at 30 (Ax? > 9). The running
time is (5v 4 57) yrs. The width of the bands corresponds to values for the systematical
errors from 2% to 5%. The dashed curves show the sensitivity when the number of ion
decays/yr are reduced by a factor of two with respect to the values given in Table 3.2
for 2% systematics.

worsening of the sensitivity due to systematics occurs roughly at the values
of opker as estimated above.

The left panel of Fig. 3.10 shows the sensitivity to maximal LCPV as
a function of the exposure for values of opkgr from 2% to 5%. One can
observe clearly that for the standard exposure of 4400 kt yrs sensitivity is
rather stable with respect to systematics and for the standard exposure it
is still statistics dominated.

Finally, Fig. 3.11 illustrates the impact of degeneracies, as well as the
true value of sign(Am3;) and the true a3 -octant on the LCPV sensitiv-
ity. Curves of different strokes correspond to the four different choices for
sign(Am3;) and 623 -octant of the true parameters. For the solid curves
the simulated data for each choice of true sign(Am2;) and 6a3 -octant are
fitted by taking into account all four degenerate solutions, i.e., also for the
fit all four combinations of sign(Am3;) and 6a3 -octant are used.



86 Accelerated Generated Neutrino Beams: Beta Beams

[ T 1T \7 [ T 1 T
N F\ 4k 4400 kt yrs
- AN 4 F
[
(=]
2 =
2107 F = EN=
& 5 JF
= C 1L
- L 4L
°© | 4k
(]
=
[+ 3 — =
s 10F 1
g r 1 F
’obkgrzz%—SOf 1T |
-4 | | | | | 11 | 11
19200 10’ TS
exposure [kt yrs] Spgr [%]

Fig. 3.10 Impact of total exposure and systematical errors on the LCPV discovery
potential. We show the smallest true value of sin? 2613 for which dgp = /2 can be
distinguished from écp = 0 or 6cp = 7 at 30 (Ax? > 9) as a function of the exposure in
kt yrs (left) and as a function of the systematical error on the background opig, (right).
The widths of the curves in the left panel corresponds to values of oy, from 2% to 5%.
The thin solid curves in the left panel correspond to no systematical errors. The right
plot is calculated for the standard exposure of 4400 kt yrs. No systematical error on the
signal has been assumed.

One observes from the figure that the true hierarchy and octant have a
rather small impact on the LCPV sensitivity. In particular the sensitivity
to maximal LCPV is completely independent. The main effect of changing
the true hierarchy is to exchange the behavior between 0 < dcp < 180° and
180° < dcp < 360°. For sin? 2013 < 102 the sensitivity gets slightly worse
if fa3 9¢ > 1/4 compared to 023 U < /4.

To appreciate the effect of degeneracies in LCPV sensitivity, the dashed
curves in Fig. 3.11 are computed without taking into account the degen-
eracies, i.e., for each choice of true sign(Am3;) and 23 -octant the data are
fitted only with this particular choice. The effect of the degeneracies be-
comes visible for large values of #13. Note that this is just the region where
they can be reduced by a combined analysis with atmospheric neutrinos
(see Section 3.5).

3.4.3 Searches that cannot be done in this configuration

The physics potential of the CERN-Fréjus project is quite impressive as far
as sensitivity to #13 and LCPV is concerned.
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Fig. 3.11 Impact of degeneracies on the LCPV discovery potential. Sensitivity to CV
at 30 (Ax? > 9) is computed for 4 different combinations of the true values of the
hierarchy (NH or IH) and a3 (sin®633 = 0.4 or 0.6). Dashed curves are computed
neglecting degeneracies in the fit. The running time is (5v + 52) yrs. From [76].

There are, anyway, measurements of the oscillation parameters that
are not within the reach of this project, if the analysis is limited to the
beta beam data. Most of these limits are overcome if the beta beam data
are combined with atmospheric neutrinos, so the following Section 3.5 is
the natural complement to this discussion.

First the precision with which the atmospheric parameters o3 and
Am3, are known cannot be improved by a beta beam experiment, for the
simple fact that these parameters can be precisely measured only with v,
disappearance data and a beta beam does not provide any v, beam. This
has little influence on 613 and LCPV, also because the precision with which
the T2K experiment will measure the atmospheric parameters is already
adequate for the needs of these searches.

The baseline of 130 km is insufficient to produce sizable matter effects
in the CERN-Fréjus experiment, resulting in a very poor sensitivity to the
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Fig. 3.12 Allowed regions in sin® 2013 and dcp for beta beam data alone (contour lines)
and LBL4+ATM data combined (shaded regions). H'/¥r(Q/%r) refers to solutions
with the true/wrong mass hierarchy (octant of 623). The true parameter values are
Sdcp = —0.857, sin? 26013 = 0.03, sin? 623 = 0.6, and the values from Eq. (3.5) for the
other parameters. The running time is (5v + 57) yrs. From [76].

value of sign(Am2,). On the other hand this is highly beneficial for LCPV
searches, because matter effects are one of the main sources of background
and distortions for these analyses.

The effect of degeneracies is illustrated for a particular choice of the
parameters in Fig. 3.12 (see also [76]). Assuming the true parameter values
dcp = —0.857, sin? 2015 = 0.03, sin? 3 = 0.6, the allowed regions in the
plane of sin? 2015 and dcp are shown, taking into account the solutions with
the wrong hierarchy and the wrong octant of 3.

One observes from Fig. 3.12 that in this case the (dcp, 613)-degeneracy
cannot be resolved and one has to deal with eight distinct solutions. One
reason for this is the absence of precise information on |Am3, | and sin? 263
which is provided by the v, disappearance in super beam experiments but is
not available from the beta beam. If external information on these param-
eters at the level of 3% is included (this is the case of the T2K experiment),
the allowed regions in Fig. 3.12 are significantly reduced. However, still all
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eight solutions are present, which indicates that the CFBB spectral infor-
mation is not efficient enough to resolve the (dcp,013)-degeneracy, and in
this case only the inclusion of atmospheric neutrino data allows a nearly
complete resolution of the degeneracies.

An important observation from Fig. 3.12 is that degeneracies have only
a very small impact on the CP violation discovery, in the sense that if
the true solution is CP violating the fake solutions are also located at CP
violating values of dcp. Indeed, since matter effects are very small for
the relatively short baselines in the experiments under consideration, the
sign(Am3; )-degenerate solution is located within good approximation at
d¢p &~ m — dcp [33]. Therefore, although degeneracies strongly affect the
determination of 613 and dcp they have only a small impact on the CP
violation discovery potential. Furthermore, as is clear from Fig. 3.12 the
sign(Am3;) degeneracy has practically no effect on the 613 measurement,
whereas the octant degeneracy has very little impact on the determination
of 5013.

3.5 Combined Analyses with the Atmospheric Neutrinos

Beta beam and atmospheric neutrino data are a truly synergic combination,
in that together the two samples provide more information than expected
just from statistics.

It has just been discussed that beta beam has very limited capabili-
ties in measuring sign(Am2;)and resolving degeneracies on the other hand
atmospheric neutrinos, even if measured with large statistics, cannot mea-
sure sign(Am3;)in the absence of a measured value of 63, precisely what
beta beam measures at best.

The power of a combination of LBL experiments based on megaton scale
water Cerenkov detectors with data from atmospheric neutrinos (ATM) has
been pointed out in [37]. Atmospheric neutrinos are sensitive to the neu-
trino mass hierarchy if 613 is sufficiently large due to Earth matter effects,
mainly in multi-GeV e-like events [136-138]. Moreover, sub-GeV e-like
events provide sensitivity to the octant of 023 [139-141] due to oscillations
with Am3, (see also reference [142] for a discussion of atmospheric neutrinos
in the context of Hyper-Kamiokande).

A detailed computation of the beta beam+ATM analysis has been per-
formed in [76], where the ATM analysis was tailored to the characteristics of
the MEMPHYS detector, whose bigger dimensions with respect to Super-
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Kamiokande allow for the containment of events of higher energy. Also
multi-ring events, defined as fully contained charged-current events which
are not tagged as single-ring, are included in the analysis.

In this analysis three different kinds of experimental uncertainties are
included: flux uncertainties: total normalization (20%), tilt factor (5%),
zenith angle (5%), v/v ratio (5%), and u/e ratio (5%); cross-section un-
certainties: total normalization (15%) and p/e ratio (1%) for each type of
charged-current interaction (quasi-elastic, one-pion production, and deep-
inelastic scattering), and total normalization (15%) for the neutral-current
contributions; systematic uncertainties: same as in previous analyses, de-
tails are given in the Appendix of [143]. An independent normalization
uncertainties (20%) for e-like and p-like multi-ring events is added to these
terms.

3.5.1 Mass hierarchy

The combination of ATM+beta beam data leads to a non-trivial sensitiv-
ity to the neutrino mass hierarchy, i.e. to the sign of Am3, as shown in
Fig. 3.13. For beta beam data alone (dashed curves) there is practically no
sensitivity in the CERN-MEMPHYS experiment (because of the very small
matter effects due to the relatively short baseline). However, by including
data from atmospheric neutrinos (solid curves) the mass hierarchy can be
identified at 20 CL provided sin? 26,3 > 0.02 — 0.03. Fig. 3.13 is com-
puted with a true value of 03 = /4. Generically the hierarchy sensitivity
increases with increasing fa3, see [37] for a detailed discussion.

3.5.2 Degeneracy breaking

The effect of the atmospheric data in breaking degeneracies has been shown
in Section 3.4.3. It is worth adding that atmospheric neutrinos can help
in breaking the octant degeneracy. In this case there is no synergy with
beta beam data because what would be needed is information on the value
of |Am3,|. Fig. 3.14 shows the potential of ATM data to exclude the octant
degenerate solution.

3.6 Combined Analyses with the SPL Super Beam

Soon after the first proposal of beta beams [85] it was realized that neutrinos
created by the SPL could be fired to the same detector [75].
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Fig. 3.13 Sensitivity to the mass hierarchy at 20 (Ax? = 4) as a function of the true
values of sin? 2613 and §cp (left), and the fraction of true values of dcp (right). The
solid curves are the sensitivities from the combination of long-baseline and atmospheric
neutrino data, the dashed curves correspond to beta beam data only. The running time
is (bv + 57) yrs.

The injector of a beta-beam complex must be a 1 - 3 GeV Linac, pre-
cisely the energy of the SPL. Furthermore radioactive ion production re-
quires at most 0.1 MW, while SPL could deliver up to 4 MW of power.

Under these circumstances a very intense super beam, already discussed
in Section 1.3.4.4, can run together with a beta beam. The typical energy
of a neutrino beam created by the SPL can nicely match the energy of a
~ = 100 beta beam (see Fig. 3.2) so the two neutrino beams can share the
same baseline, thus the same detector.

The combination of a super beam with a beta beam in the same exper-
iment can provide an experimental environment with very unique charac-
teristics:

e The two beams can be used to separately study CP channels like v, —
Ve VS TUy — Ve and ve — vy, VS Ue = Ty

e They can be mixed to study T transitions like v,, — v.vs v, — v, and
Vy — Ve VSUeg = V.

e The can be mixed to study CPT transitions like v, — v.vs Ve — 7,
and ve — v, Vs Uy — Ue.

The addition of a super beam to a beta beam could also complement
some of the weak points of the beta beam, namely the lack of sensitivity
to the atmospheric parameters 63 and Am3, and the lack of v, events in
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Fig. 3.14 Ax? of the solution with the wrong octant of f23 as a function of the true
value of sinZ 023. Computed for a true value of 813 = 0, and a running time of 10 yrs.

the close detector, useful for calibrating beta beam signal efficiency and
measuring the v,/ v,cross section ratio.

The only other experimental setup that could match such a broad range
of transitions is a neutrino factory, where however the different transi-
tions would probably need different specialized detectors and some channels
would require detector performances well beyond the present state of the
art (for instance v, — v, and 7, — T, transitions in a Neutrino Factory
require a detector capable of measuring electron charges for events up to 5
GeV with a charge separation of 10® or better).

In an SPL super beam+beta beam experiment all the channels would
instead be measured in the same detector with small background rates. This
is highly beneficial for systematic errors and would provide redundancy in
the oscillation signals, a feature that should not be underestimated in an
experimental field that today is completely unexplored.

From the strict point of LCPV searches and degeneracy breaking,
SPL+beta beam is not a synergic combination, as noted in [40], since
the two beams have identical baselines and similar neutrino energies. This
means that the combination of the two beams does not add anything signifi-
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cant other than a simple increase of statistics. Nevertheless the combination
of the two significantly improves overall performances, since they are still
limited by statistics and not by systematics (even assuming 5% systematic
errors). This is shown in Figs. 3.15, 3.16, 3.17, taken from [76]. These plots
contain information pertinent also to next Section 3.7.

As far as is concerned sign(Am3;) sensitivity the combination
SPL+beta beam provides rather good sensitivity even without atmospheric
data, and in this aspect the two beams are synergic. Because of the rather
short baseline the matter effect is too small to distinguish between normal
and inverted hierarchy given only neutrino and antineutrino information
in one channel. However, the tiny matter effect suffices to move the hi-
erarchy degenerate solution to slightly different locations in the (sin2 2613,
Scp) plane for the v',—%', (beta beam) and ¥, — v, (SPL) channels
(compare Fig. 3.12). Hence, if all four CP and T conjugate channels
are available already the small matter effect picked up along the 130 km
CERN-MEMPHYS distance provides sensitivity to the mass hierarchy for
sin® 2613 > 0.03, or sin® 26,3 > 0.015 if atmospheric neutrino data is also

~ ~

included. The effect is shown in Fig. 3.17.

3.7 Comparison with Other Super Beam Experiments

In this section the beta beam performances are compared with those of two
super beam projects: T2HK (presented in Section 1.3.4.2) and the SPL
super beam (see Section 1.3.4.4).

A comparison with a larger set of proposed facilities will be discussed
in Section 4.6.

The discussion is restricted to T2HK and the SPL super beam for the
main reason that these projects share the same detector technology: a
megaton scale water Cerenkov detector. So detector performances are
the same, and well defined given the experience accumulated in the Super-
Kamiokande and K2K experiments.

In a certain sense this discussion addresses the following question: which
is the best beam that can be fired to a megaton scale water Cerenkov
detector?

Results of this comparison are shown in Figs. 3.15, 3.16, 3.17. It can be
seen that CFBB outperforms the two super beams as far as is concerned
013 and LCPV discovery potential while T2HK has a better sensitivity to
sign(Am3;), thanks to the longer baseline. It should also be noted that
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Fig. 3.15 30 discovery sensitivity to sin? 2613 for beta beam, SPL super beam, and
T2HK as functions of the true value of §cp The running time is (5v+50) yrs for beta beam
and (2v + 87) yrs for the super beams. The width of the bands corresponds to values for
systematical errors between 2% and 5%. The black curves correspond to the combination
of beta beam and SPL with 10 yrs of total data taking each for a systematical error of
2%, and the dashed curves show the sensitivity of the beta beam when the number of ion
decays/yr are reduced by a factor of two with respect to the values given in Table 3.2.
From [76].

beta beam performances are less sensitive to a change from 2% to 5% of
the systematic errors, while T2HK has the biggest sensitivity variation in
changing the systematic errors. This is due to the absolute number of
background events in the different setups. Beta beam performances are
very much dependent on the neutrino fluxes, and indeed the main factor in
increasing beta beam performances is the value of neutrino fluxes. Finally
the combination of beta beam+SPL neutrino beams would produce excel-
lent physics potential, especially as far as is concerned LCPV sensitivity.
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Fig. 3.16 LCPV discovery potential, for parameter values inside the ellipse-shaped
curves CP conserving values of dcp can be excluded at 30 (Ax2 > 9). Computed
with identical assumptions as Fig. 3.15 From [76].
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Fig. 3.17 Sensitivity to the mass hierarchy at 20 (Ax? = 4) as a function of the true
values of sin? 2013 and dcp. The solid curves are the sensitivities from the combination
of long-baseline and atmospheric neutrino data, the dashed curves correspond to long-
baseline data only. The running time is (5v+ 57) yrs for the beta beam and (2v 4 87) yrs
for the super beams. From [76].



Chapter 4

Physics Potential of Other Beta Beam
Settings

4.1 Introduction

The CERN-Fréjus beta beam setup is based on existing machines and
possible upgrades of underground laboratories, as already discussed in
Section 3.1; it is designed to be a realistic configuration, not necessarily
the optimal one.

This leaves room for studies devoted to optimal beta beam configura-
tions, where the potential of different setups is studied with fewer con-
straints about their final implementation. These “green field” scenarios
match the approach of neutrino factories, that have studied from the be-
ginning optimal setups for the production of neutrino beams. Perhaps it
is not surprising that eventually optimal beta beams and optimal neutrino
factories have rather similar performances.

The first option studied in the literature has been high energy
beta beams, which will be presented in Section 4.2. These configurations
consider the same setup as the CFBB except for the final accelerator, where
a machine capable of accelerating protons up to 1 TeV (more than twice
the energy of the SPS) is taken into account. This reflects also a more
demanding decay ring configuration.

Following the chronology of literature publications, Section 4.3 will dis-
cuss monochromatic beta beams. These beams are based on electron cap-
ture processes of radioactive ions, rather than on their beta decays, pro-
ducing monochromatic neutrino beams. This is an extremely interesting
setup, since the neutrino detector has only to guarantee a correct particle
identification, being the neutrino energy known at the source. As already
discussed in Section 2.7.5 the main limitations of these setups are the tech-
nical difficulties of the production and acceleration schemes.

97
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Section 4.4 will discuss beta beams based on different ions than ®He
and '®Ne: 8B and 8Li. This configuration has been proposed thanks to an
innovative scheme of ion production, see Section 2.3.5, capable in principle
og producing much higher radioactive ion fluxes than the standard ISOL
techniques used for °He and !®Ne. 8B and 8Li having higher Qs values
than He and '®Ne can produce higher energy neutrino beams for the same
accelerator setup, at the price of a smaller collimation (that depends on 7).
This latter development suggested several studies on high energy 8B /%Li
setups, capable of producing neutrino beams with enough energy to cover
the so-called “magic baseline”, the optimal configuration to study neutrino
mass hierarchy. These latter configurations will be discussed in Section 4.5.

4.2 High Energy Beta Beams

High energy beta beams (HEBB) have been introduced by [125], where
setups different from the original beta beam concept have been proposed
for the first time.

This setup is the same as CFBB, except for the fact that the final
accelerator is designed to accelerate Heup to v = 350 (2.3 times higher
that the maximum v(°He) reachable at the SPS), a condition fulfilled by
an accelerator capable of accelerating protons at 1 TeV.

The same number of ion decays/year as the CFBB has been considered.

Two major upgrades of the accelerator scheme are needed for high en-
ergy beta beams. Of course a new accelerator is needed. Proton acceler-
ators at 1 TeV energy have been recently dismantled (HERA at Desy) or
are going to be shut-down (Tevatron at Fermilab).

The LHC is a collider with a very slow acceleration cycle which makes
it unsuitable for the acceleration of the large number of radioactive ions
required for a beta beam. A possible energy upgrade of the LHC would
require a new higher energy injector, SPS+ [71], which could be used for a
higher energy beta-beam.

Also the decay ring is heavily affected by a v increase of the stored ions.
First its length scales linearly with -, since the magnetic rigidity of the ions
is proportional to v and the fraction of length of the straight decay section
cannot be reduced without compromising the neutrino fluxes at the far
detector. Second the number of ions stored in the decay ring scales again
with v, according to the Lorentz boost on their lifetime. This discussion
has already been developed in Section 2.
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Coming back to physics performances, another important advantage of
a high energy beta beam is the possibility to increase the baseline length to
the point where sensitivity to sign(Am3;) becomes sizable. Matter effects
are a double edged sword in this kind of studies: in the region where sen-
sitivity to sign(Am3;) is great enough to decouple CP effects and matter
effects (as discussed in Section 1.2 matter effects produce CP fake signals
that can act as a background for genuine CP effects) the experiment has
access to the two important signals; on the contrary, in the parameter re-
gion where they cannot be decoupled, the sign(Am32,) degeneracy tends to
reduce CP sensitivity.

The claim that HEBB do have a better energy reconstruction than
CFBB and for this reason they should have a better rejection of the neu-
trino oscillation parameter degenerate solutions seems less robust. While it
is true that energy resolution is almost constant at low energy because it is
dominated by Fermi motion, producing a smaller number of useful energy
bins in CFBB than in HEBB. Nevertheless the fraction of non-quasi-elastic
events in HEBB is higher, and these events are reconstructed with wrong
energy in a water Cerenkov detector, weakening the benefit of a higher
number of energy bins. The greater power of HEBB in rejecting degenerate
solutions is derived in turn from the higher statistics.

Reference [144] studies the case of a water Cerenkov detector at y = 350
for 6He and '®Ne ions. In a water Cerenkov detector only quasi-elastic
(QE) events can be properly reconstructed, so by increasing the average
neutrino energy, the fraction of well reconstructed events decreases, until
the point where the flux increase provided by the higher gamma is vanished
by the loss of QE events. According to [144] (see Fig. 4.1) this happens for
~ =~ 400.

Backgrounds from NC are much more in HEBB than in CFBB, but
they cluster at small energies. As demonstrated by Ref. [144], a simple
lower cut in the visible energy keeps NC backgrounds to a tolerable level.
Also atmospheric neutrinos integrated in the signal energy range increase,
but much less than signal events, when compared to CFBB. This feature
implies that in HEBB the bounds to the beta beam duty cycle derived
from the atmospheric neutrino background rate are less severe, allowing for
higher duty cycles.

Following the results of [144] (see Fig. 4.2) a v = 350 beta beam would
have marginal improvement as far as 613 and LCPV sensitivities are con-
cerned with respect to an SPS-based beta beam at the maximum v (v = 150
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Fig. 41 Number of useful events in a 500 kt water Cerenkov detector placed at the
first oscillation maximum of a high energy beta beam as a function of the parent ion ~.
From [144].

for He and ®Ne) and at the optimal baseline (L=300 km) !, while v = 350
has definitely better performances as far as sign(Am3;) sensitivity is con-
cerned. In this aspect anyway no study has been done so far about sensi-
tivity combining beta beam with atmospherics in this configuration.

It should also be noted that the constant binning chosen in this study
for the different setups (with the first bin ranging from 0 to 500 MeV) pe-
nalizes very much the lower v configurations, wich are reduced to a counting
experiment.

Following the above discussion, a water Cerenkov detector shows some
limitation in the energy range of high energy beta beam, if only quasi-elastic
events can be efficiently reconstructed. To overcome this problem different
detector technologies have been taken into account for HEBB.

In [145], the case of a totally active scintillating detector (TASD), de-
rived from the NOvA project, has been considered.

IThis is the right way to compare the two options, by fixing the optimal baseline in the
two cases. The problem is then the practical possibility of actually having a megaton
class detector at the right depth at the optimal baseline.
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Fig. 4.2 Upper-left panel: exclusion plot for 613 at 99% CL for the ve15, = 60, y18ne =
100 and L=130 km setup (solid), the v = 120 and L=130 km setup (dashed), the v = 150
and L=300 km setup (dotted) and the v = 350 and L=730 km (dashed-dotted). Upper-
right panel: region on the plane (613, dcp) in which sign(Am%3)can be measured at
99% CL for the true sign(Am%;;) = +1 and the same four setups. Lower-center: CP-
violation exclusion plot at 99% CL for the same four setups. The solar and atmospheric
parameters are fixed to their present best fit values and the discrete ambiguities are
assumed to be resolved. From [144].

It should be noted that the needs of a beta beam experiment, a tiny
v, (7,) signal in an intense v,(7.) beam, are different from super beam ex-
periments like NOvA, where a tiny v, (7.) signal has to be identified in an
intense v,(7,,) beam. In particular the particle identification of charged
pions against muons is very different from the identification of neutral
pions against electrons. So background rates and signal efficiencies can-
not be directly derived from the studies on super beam experiments and
should be recomputed specifically for beta beam experiments. Overall per-
formances depend very much upon background rates, especially in the small
0,3 regime, and cannot be reliably computed in the absence of a full simu-
lation (and possibly a full reconstruction of the events).
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Reference [145] lacks such a simulation, and compares water Cerenkov
detectors of 500 kt mass at v = 200 (Setup I) with TASD detectors of
50 kt at v = 500 (Setup II) and v = 1000 (Setup III). Regarding 613 and
LCPV sensitivity, Setups I and II have similar performances, assuming
constant decay rates in every setup, while Setups II is clearly better as
far as sign(Am3;) sensitivity is concerned (but again the combination with
atmospherics, not possible for a TASD surface detector, is not taken into
account). We will not dwell too much on performances of Setup IIT which
requires LHC as an accelerator.

Also shown in [145] is the scaling of performances with the number of
ion decays/year (Fig. 4.3). Assuming a scaling law as:

Ni=Np - (%)" (4.1)

where N (Ny) is the number of decays/year at a given v (7o), and 7 is a
reference point. n = 0 is the case of constant ion decays/year, while n =1
is the case of “constant power” in the accelerator. In this latter case the
sensitivity of the setup becomes rather independent from +, showing that
the assumptions about this scaling law are very important for the overall
comparisons.

A different detector technology has been considered in [146]: an iron
calorimeter, where the sensitive elements (2 cm thick glass RPC planes with
a 2 mm gas filled gap) are interleaved with iron plates (4 ¢cm thick). This
configuration has the advantage of providing a higher density than a TASD
detector, such that a 40 kt detector could fit a present LNGS hall, a very
attractive experimental situation. A full simulation of this detector has
been performed, allowing for a robust sensitivity estimation. The fraction
of NC backgrounds with respect to the non-oscillated v, events is 8.8 x 1073
at v = 580, a much higher rate than the 1073 rate assumed at v = 500
for a TASD detector. It is expected that a totally active detector can
have a better background rejection than an iron calorimeter, nevertheless
the discrepancy of almost one order of magnitude seems to indicate some
underestimation of the background rates in [145].

Overall performances of this setup almost match those of the CERN-
Fréjus scenario, again assuming a constant ion decay rate. Combined sen-
sitivity with atmospheric neutrinos of this setup have been also studied
in [146] showing that its sensitivity, as expected from the longer baseline,
outperforms CFBB performances.
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Fig. 4.3 The final sin?260;3 sensitivity limit (including systematics, correlations, and
degeneracies) as function of v for L = 1.3y (TASD) and L = 2.6y (WC). The bands
correspond to the Totally Active Scintillator Detector (TASD, green/light shaded region)
and the water Cerenkov detector (WC, blue/dark shaded region) at the 3¢ confidence
level, where the isotope luminosity exponent n is varied from 0 (lower ends of the bands)
over 0.5 (black curves) to 1 (upper ends of the bands). The vertical lines correspond to
our low-, medium-, and high-v setups. From [145].

4.3 Monochromatic Neutrino Beams

Monochromatic neutrino beams based on the electron capture process
(ECB) have been discussed in Section 2.7.5; here possible performances
under the assumption of parent ion decay rates of 10'® decays/year will be
discussed.

ECB are certainly an intriguing experimental setup, but for LCPV
searches they have two major apparent limitations: there is no way to
have antineutrino beams (a conceptual possibility for the production of
monochromatic neutrino beams is discussed later in this section) and they
miss spectral information, which is very important to solve degeneracies.

To overcome these limitations interesting experimental strategies have
been introduced.
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In [118, 147] it has been proposed to study 613 and LCPV in a ECB
setup based on the %“Dy ion (3.1 min lifetime and Q = 1794 keV) running
the beam at two s tuned to the first and the second oscillation maximum.
Two setups are considered, the first, based on the SPS and the CERN-
Fréjus baseline, would run the ions at v+ = 90 and v = 195 the second,
based on SPS+, considers v = 195, 440. The detector is a water Cerenkov
of 440 kt in both cases. Performances of ECB in these configurations are
very promising. It should anyway be noted that in this study any back-
ground contamination has been neglected and 100% signal efficiency has
been assumed, a quite optimistic scenario.

Reference [148] proposes a more aggressive strategy. In a beta beam the
neutrino energy has a dependence on the radial position R of the interaction
point:

o 270Qp
As shown in Fig. 4.4, this relation has very little impact on the CFBB
setup, but could have a sizable effect on the setup chosen by the authors
of reference [148]: 13°Sn isotopes with @ = 267 Kev and a 4.11 h lifetime.
Running these ions at v = 2500 and a baseline of 600 km, the energy of
events at R = 100 m would have a 15% smaller energy than events at
R = 0. The vertex resolution of a water Cerenkov detector, about 30 cm,
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Fig. 4.4 Fractional variation of the neutrino energy E, as function of the radial distance
from the beam axis. Dotted line: *He with v = 100 and a baseline of 130 km; solid line:
é(l)OSn with v = 2500 and a baseline of 600 km.
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Table 4.1 Characteristics of 8B and ®8Li compared with He

and 18Ne.
Bt emitters [~ emitters
Ton Qef (MeV)  Z/A | Ton Qg MeV) Z/A
18Ne 3.30 5/9 | SHe 3.51 1/3
8B 13.92 5/8 | 8Li 12.96 3/8

is suitable for such a measurement. The requirements of beam divergence
pz/P> < 1 urad, and an equivalent precision of the absolute beam direction
seem anyway very challenging.

Under these extreme conditions this configuration could allow very good
energy resolution and a finite beam energy range. According to [148] it
could reach excellent 613 and LCPV sensitivities.

A way to generate monochromatic antineutrino beams has been delin-
eated in [121] (see also Section 2.7.5). It is based on the process of the
bound-state 5 decay [149] where the electron is created in a previously
unoccupied bound atomic state and the antineutrino is emitted at a fixed
energy.

Candidates exist like 198 Ag4®t with 7| s2 = 24.4 s and neutrino energies
of 1.90 and 1.67 MeV for the EC and bound-beta lines respectively, but it
should be noted that the branching ratios for such processes are of about
1%, making it very difficult even conceptually to produce significative neu-
trino fluxes.

4.4 Beta Beams Based on 8B and 8Li Ions

8B and 8Li ions have a significantly higher Qg value than °He and !®Ne
as can be derived from Table 4.1. In Section 3.1 it has already been shown
that higher ()g ions can allow greater neutrino energies for the same ~:

B = 24Q;. (4.3)

Furthermore the Z/A of the ®B /®Liions are higher than the formers’: such
that considering the S~ emitters they could produce a neutrino beam 4.74
times more energetic than a ®He /!®Ne beam, for the same accelerator
energy, with a shorter decay ring length. On the other hand the merit factor
of a 8B /®Li beam (see Section 3.1) is smaller than a 5He /!®Ne beam since
it is inversely proportional to Qg and so it would produce smaller fluxes at
the same neutrino energy.
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In [93], as discussed in Section 2.3.5, an innovative procedure has been
proposed to produce ®B /%Liions, in principle capable of producing 2 - 3
orders of magnitude more radioactive ion fluxes. An increase of 2 - 3 orders
of magnitude of the ion fluxes to be accelerated requires important R&D on
the accelerators to cope with the larger number of charges for acceleration,
accumulation and storage.

The physics case of a 8B /8Li beta beam based on the Fermilab Main
Injector has been proposed in [150]. The Main Injector is capable of accel-
erating ®Bup to v = 80 and 3Li up to v = 48 such that a 50 - 100 kt liquid
argon detector could be put in place at Soudan (732 km baseline). The
liquid argon TPC technology is very appealing for neutrino beams with
energy greater than 1 GeV, since it can reconstruct with great precision
neutrino events of any multiplicity. In the case of beta beams charged pion
identification against muons is a key ingredient. We have seen that in water
the most powerful tool to positively identify muons is the detection of their
decay chain. In argon this method cannot be used because given the higher
Z of the nucleus, the probability of muon absorption before decay is very
high, about 73%, in contrast with the probability of absorption in water,
only 22%.

In liquid argon NC rejection can be performed thanks to the measure-
ment of both the momentum and the range of the track and the identifica-
tion of the nuclear fragments generated in the nuclear capture of the pion.
It has been suggested in [150] that in this way a 10? rejection of charged
pions can be achieved.

The authors of [151] have studied the case of a mixed ®B /8Liand
6He /'®Ne beta beam, based on SPS. A 500 kt water Cerenkov detec-
tor with a baseline of about 700 km would receive the 8B /®Li beta beam
at the first oscillation maximum and the °He /!®Ne beta beam at the sec-
ond oscillation maximum. The same ion decays/year of CFBB are assumed
also for 8B and 8Li.

This combination of first/second maximum is very powerful in solving
degeneracies, since the differences between the oscillation patterns of the
different oscillation components are more and more visible with the devel-
opment of oscillations. Nevertheless at the second oscillation maximum
fluxes are reduced by about one order of magnitude, and statistics is the
major component in sensitivity to 613 and LCPV. Therefore this has lit-
tle advantage as far as 613 and LCPV are concerned, while it outperforms
CFBB as far as sign(Am3;) sensitivity is concerned.
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Along this line it is also interesting to note the study of reference [152]
where the case of a single 1®Ne exposure is considered at v = 450 (within
the reach of the SPS+) and with a 50 kt iron detector placed at a baseline
of 1050 km (CERN-Boulby mine). This neutrino-only setup would cover
both the first and the second oscillation maximum. While the 613, LCPV
and sign(Am3,) sensitivities do not ouperform those of other beta beam
setups, this particular scheme could reach an interesting sensitivity to the
octant of 63 .

4.5 High Energy ®B /3Li Beta Beams

The combination of high energy, B /8Li based, beta beams allows the so
called “magic baseline” Lyagic to be covered.

The concept of a magic baseline [153, 35] derives from the observation
that in Eq.(1.5) for pL = 21/GpY. (Y. is the electron fraction inside
the earth) any dcp dependence disappears from P., allowing sign(Am3;)
effects to be measured without any degenerate solution.

The measurement of neutrino oscillation at the magic baseline is the
ideal complement to LCPV searches, since it decouples fake CP effects
generated by matter effects from the genuine CP effects looked for in LCPV
searches.

According to the Preliminary Reference Earth Model PREM [154] earth
matter density profile, Liagic ™ 7690 km, the resonance energy for matter
effects would be:

|Am§1 | COs 2913

Eresz—ﬁ’?GV 4.4
2v2G N, ¢ 44

for |[Am3;| = 2.4-1073 eV? and sin? 26,3 = 0.1.

It is important to note that close to matter resonance, the flux of oscil-
lated events at the detector roughly falls as a function of 1/L (against the
1/L? fall of vacuum oscillations), which means that longer baselines might
be preferred.

Studies of beta beams at the magic baselines have been initiated [155]
within the context of the India-based Neutrino Observatory (INO) [156],
where a large magnetized iron calorimeter (ICAL) is set to come up. The
detector is designed to be 50 kt, made of 6 cm thick iron slabs interleaved
with glass RPCs. The CERN-INO distance approaches the magic baseline,
being 7152 km.
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The authors of [155] consider a 8B /5Li beta beam with ysy; = 250-500
(max vs1; attainable at the SPS is 168.75). The production of neutrinos
with energy E,os = 7 GeV requires 8Li ions to be accelerated at ysp; > 225.
At the SPS+ energies, vs1; = 350, this project could measure sin® 2613 ~
0.01 (90% CL) and measure sign(Am3;) at 3o if 615 > 1.2-1072.

Background rejection is essential to guarantee such performances. In
[155] NC backgrounds are not taken into account, while in a similar setup,
as discussed Section 4.2, NC backgrounds are quite severe under a full
detector simulation.

The magic baseline is the ideal complement to searches focused on
LCPV. The authors of [157] studied a beta beam configuration where a
triangular shaped decay ring would send neutrinos generated by 8B and
8Liions accelerated at v = 350 to two 50 kt iron calorimeters (with the
same characteristics as ICAL-INO) at two baselines of 2000 and 7000 km.
In this configuration one detector is optimized to LCPV and 63 searches
and the other to sign(Am3;). The combination of the two is synergic, more
powerful than any configuration with the two detectors at the same base-
line. Again the background rejection of such detectors is quite optimistic,
the NC fractional background being estimated at 10~°. Performances are
studied for a range of possible ion decay rates. For a 8B /8Lidecay rate
five times higher than the ®He /*®Ne decay rate this setup would match the
high energy beta beam option of [157] as far as 613 and LCPV sensitiv-
ities are concerned, while sign(Am3;) sensitivity would be better in the
8B /8Li configuration.

In [158] a comprehensive comparison of ®B /®Liand ®He /!®Nebeta
beams have been performed. The authors consider several terms of compar-
ison, we will summarize here the comparison at constant «y (this comparison
is not exactly the same as “constant accelerator complex” because, as dis-
cussed in Section 4.4, the different Z/A ratios of the different couples of ions
bring different possible values of v, keeping the accelerator constant). The
comparison is performed keeping the detector the same, a 50 kt INO-like
iron magnetized detector, which is basically devoted to studying perfor-
mances at small values of f13. A first conclusion is that the simple scaling
laws that can be obtained by the Q3 values of the ions about the useful
decays N and v to keep equal the beam performances (see Section 4.4):

NﬂB+Li ~ 12 . NéVe+H€ ,_yNeJrHe ~ 35 . ,YB+Li

is confirmed by the detailed computations.
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An optimal choice for a single setup is not possible, “short base-
line” (700 - 1000 km) SHe /¥ Nebeta beams outperform “magic baseline”
8B /8Libeta beams as far as LCPV sensitivity is concerned (as expected
since the magic baseline is not, by construction, sensitive to LCPV), while
the contrary is true for sign(Am3s) sensitivity. The two configurations have
similar 643 sensitivities.

It should be noted that detector performances might strongly bias these
conclusions. In [158] the performances of the INO detector are parameter-
ized in the absence of a full simulation and kept constant in the whole energy
range studied in the paper. In particular NC rejection cannot be constant
at different neutrino energies, and the 10~* NC rejection factor considered
in the paper is in disagreement with the rejection factor computed with a
full simulation in [146] for one of the ’He /18Ne~ values considered in the
comparison. The energy threshold of 1 GeV for the muon detection of the
INO-like detector is not well matched to the neutrino energies in setups
with ®He /!®Neat v = 350-500, and so the “short baselines” are not opti-
mally exploited with such a detector. Indeed, following [158], a 500 kt water
Cerenkov detector at the “short baselines” would have far better LCPV and
013 performances with respect to the 50 kt iron magnetized detector.

It is evident that the two setups studied in [158] complement each other
and that the optimal beta beam option should include both of them. This
configuration will be discussed in the following section.

4.6 Comparison with Other Neutrino Facilities and
Green-field Scenarios

We have seen in the previous sections that the comparison of different
beta beam setups is severely influenced by assumptions about ion decay
rates, detector performances and systematic errors.

The situation gets even worse in trying to compare beta beam setups
with other setups derived from different neutrino beam concepts. In this
case it is very difficult to have a homogeneous treatment of the many as-
sumptions necessary to produce a sensitivity estimation.

The ISS study group [28] made a very succesful effort to produce a fair
comparison between the different facilities. The performances of the differ-
ent setups were compared by using the same analysis tools (Globes [135])
and reaching a consensus about the present knowledge of the performances
of the different setups. The considered setups are the T2HK, SPL and
WBB super beams, the beta beam configurations of CFBB and of v = 350
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in Section 4.2 and conservative and optimized neutrino factory setups. Not
considered in the comparison are the performances of 8B3Li beta beam
setups discussed in Section 4.5, published after the ISS study.
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Fig. 4.5 The discovery reach at 3 o level for different facilities in sin? 2013. The discov-
ery limits are shown as a function of the fraction of all possible values of the true value of
the CP phase § (‘Fraction of cp’) and the true value of sin? 2013. The right-hand edges
of the bands correspond to the conservative setups while the left-hand edges correspond
to the optimized setups. From [28].

Fig. 4.5, shows the discovery reach of the various facilities in sin® 26;3.
The figure shows the fraction of all possible values of the true value of the
CP phase § (‘fraction of dcp’) for which sin®26;3 = 0 can be excluded at
the 30 confidence level as a function of the true value of sin®260;5. Of the
super beam facilities, the most sensitive is the T2HK with the optimized
parameter set. The SPL super beam performance is similar to that of
T2HK, while the performance of the WBB is slightly worse. The limit of
sensitivity of the super beam experiments is ~ 5x 10~%; for sin? 26,3 >1073
the super beam experiments can exclude sin® 26,3 = 0 at the 30 confidence
level for all values of . The CFBB beta beam setup has good sensitivity
to sin’ 2613 for sin® 26,3 ~ 1073, but decreases in sensitivity for values of
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013 to just under the sensitivity limit of T2HK. The v = 350 beta beam
has significantly better performance, with a sensitivity limit of sin® 26,3 >
5 x 1075, Both the conservative and the optimized neutrino factory setups
have a significantly greater sin® 26,5 discovery reach; the optimized setup
having a sensitivity limit of ~ 1.5 x 107°.
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Fig. 4.6 The discovery reach at 3 o level for different facilities in sign(Am§3). The
discovery limits are shown as a function of the fraction of all possible values of the true
value of the CP phase § (‘Fraction of §cp’) and the true value of sin? 2613. The right-
hand edges of the bands correspond to the conservative setups while the left-hand edges
correspond to the optimized setups. From [28].

Fig. 4.6 shows the discovery reach of the various facilities in sign(Am3,).
The various bands shown in the figure have the same meaning as those
shown in Fig. 4.5; the discovery reach is again evaluated at the 3o confidence
level. Of the super beam setups considered only the WBB has significant
sensitivity to the mass hierarchy with a sensitivity limit of sin® 26,3 >
3 x 1073. Of the beta beam setup only the v = 350 option with the
relatively long baseline of 730 km is competitive with the WBB | having a
comparable sensitivity limit. It is worth noting that the combination with
atmospheric neutrinos is not taken into consideration in those plots. The
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neutrino factory, benefiting from the long baseline, outperforms the other
facilities, the sensitivity limit of the conservative option being sin® 265 >
1.5 x 10~4, while the sensitivity limit of the optimized facility is sin® 265 >
1.5 x 1075,
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Fig. 4.7 The discovery reach at 3 o level for different facilities in leptonic CP violation
sensitivity. The discovery limits are shown as a function of the fraction of all possible
values of the true value of the CP phase § (‘Fraction of dcp’) and the true value of
sin? 2013. The right-hand edges of the bands correspond to the conservative setups
while the left-hand edges correspond to the optimized setups. From [28].

Fig. 4.7 shows the discovery reach of the various facilities in the CP
phase §. The T2HK and the SPL super beams show a greater sensitivity
to CP violation for sin® 2015 ~ 10~3 than the WBB experiment. However,
the WBB experiment has sensitivity for a larger range of values of § that
the other super beam facilities considered for sin® 2615 ~ 10~!. The per-
formance of the CFBB beta beam is comparable to that of the optimized
T2HK experiment. The high energy (v = 350) beta beam shows consider-
ably better performance: a sensitivity limit of ~ 4 x 10~° and a CP coverage
of around 90% for sin? 265 > 10~2. For low values of 63, sin® 2615 < 1074,
the conservative neutrino factory performance is comparable with that of
the high energy beta beam. For larger values of 6,3, the CP coverage of
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the high energy beta beam is significantly better. The optimized neutrino
factory outperforms the optimized beta beam for sin® 26,3 < 4 x 1073
For larger values of 613 the optimized beta beam has a slightly larger CP
coverage.

As it is evident from the above figures, different values of 6;3bring
different choices about the preferred setup. While it is evident that for
very small values of 613 a neutrino factory setup is preferable (but a full
simulation of the detectors is needed in order to convincingly demonstrate
the extreme background rejection needed), with 13in the reach of next
generation experiments (see Section 1.3.3), the situation becomes much
more complicated.

As a final, important remark, there are decisive factors that should be
taken into consideration when comparing different facilities and that were
not available to the ISS studies. These are for instance the final cost of
the facility, the timescales to completion of the needed R&D studies and
the construction of the facility and the detectors, a fair comparison of the
assumptions about the machines in the different setups.

After the ISS study the neutrino factory setup has been further devel-
oped in the International Design Study (IDS) [84]. On the beta beam side,
several independent papers explored the ultimate sensitivities of beta beam
setups relaxing the constraint of ion decay rates per year. While the decay
rates assumed for the CFBB setup are considered already challenging, it is
true that they are fulfilled for an incident proton beam power of less than
0.2 MW, while Neutrino and super beams are normalized to an incident
proton beam power of 4 MW.

Here we will summarize the findings of two notable papers exploring
very different assumptions about the true value of 613 .

reference [160] focused on beta beam performances at the smallest 613,
considering a two-detector 50 kt iron magnetized INO-like setups, at two
baselines of 730 and 7150 km.

The main question of the paper could be summarized as “Which perfor-
mances are required for a beta beam setup in order to match the sensitivities
of the IDS neutrino factory?”

The answer is that a setup alternating a v = 650 8B /®Lirun with a
v = 575 SHe /*®Nerun, a total luminosity of 10x the nominal beta beam
luminosity could match the sensitivities of the IDS neutrino factory as far
as 013, sign(Am2;)and LCPV sensitivity are concerned (see Table 4.2).

The study published in [161] compared possible beta beam setups with
super beams and neutrino factories in the specific scenario where the true
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value of f13is in the reach of Double Chooz (sin?26;3 > 0.04 (30)). The
outcome of the study is summarized in Table 4.3, which displays the fa-
cilities capable of measuring i) sin® 2615 > 0 at 50 ii) mass hierarchy at
30 for any value of dcp and iii) LCPV at 30 for 80% of the allowed val-
ues of dcp. Being a study oriented to beta beams, the table shows the
lowest values of v for a beta beam to reach these performances at four pos-
sible baselines (corresponding to CERN-LNGS or FNAL-Soudan: 730 km,
FNAL-Ash River: 810 km, CERN-Boulby or J Parc-Korea: 1050 km and
FNAL-Homestake: 1290 km). The mass hierarchy requirement rules out
the CFBB setup even considering the atmospherics. The luminosity scal-
ing factor £ introduced here is the product of useful ion decays per year
X running time x detector mass x detection efficiency, £L=1 corresponds
to 2.9(1.1) - 10*® decays/yearx 10 years x 500 (100) kt for water (TASD)
detectors x default signal efficiency.

From the table it is evident that a beta beam setup with a modest gain
in luminosity with respect to the nominal one, could fulfill all the three
benchmarks and outperform any other setup. Also an SPS based setup
with v = 150, L = 400,600 km and L> 2 could fulfill these benchmarks.

4.7 Conclusions

The summary of this chapter is probably that more questions have been
asked than answers given. The field of beta beam setups has grown very fast
in the few past years, developing several new concepts for very aggressive
experimental setups.

Among the main questions are which kind of new accelerators (if any)
will be developed at CERN for the LHC upgrade. This choice will drive the
development of high energy beta beams. Also the ultimate intensities of
ion decays in a beta beam setup could bring very important improvements
in beta beam performances, and the studies about the production of the
8B and 8Liions have just begun.

The challenging possibility of monochromatic neutrino beams could
bring a very powerful tool to the ultimate quest of measuring the unknown
neutrino oscillation parameters.

While the performances of water Cerenkov detectors are quite well
known, different detector technologies that are needed in case of high energy
beta beams are less known, such as iron magnetized detectors, totally active
scintillator detectors and liquid argon detectors. Detailed studies about
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performances of such detectors in the very specific beta beam setups could
clarify the path of optimization for the different facilities.

What can be said is that beta beams setups have all the potential to
be the ultimate facility of neutrino physics and that in the very welcome
situation where 613 is within the reach of next generation experiments,
beta beams are the best candidate to complete the measurement of the still
unknown today 613, sign(Am3,) and dcp parameters.
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Table 4.3 Minimal v (rounded up to the next 10) to measure all of the discussed per-
formance indicators (see text) at a specific baseline (in columns) for the given setups
and Double Chooz sin® 2013 best-fit cases, where £ is the luminosity scaling factor. In
addition, a number of super beam upgrades and neutrino factory setups are tested for
the same criteria and same simulated values. A label “-” refers to no sensitivity in the
discussed v ranges. The best options within each setup and sin® 2613 case are marked
boldface. From [161].

sin® 2613 = 0.04 sin? 2013 = 0.08

Setup | Baseline [km] — [ 730 810 1050 1290 | 730 810 1050 1290
Beta beams
(*8Ne, 6He) to WC, £L =1 220 230 290 350 | 200 210 240 230
(*®Ne, 6He) to TASD, L =1 - 300 370 430 | 300 310 340 380
(*®Ne, 6He) to WC, L =5 190 190 190 230 | 140 140 140 140
(*®Ne, 6He) to TASD, £L=5| 200 200 220 230 | 180 180 170 180
(
(
(
(

8B,8Li) to WC, L =5 - - 100 130 | 80 80 100 110
8B,8Li) to TASD, L =15 - - 150 190 - - 190 190
8B,8Li) to WC, £ =10 70 70 90 110 | 60 70 80 90
8B,8Li) to TASD, £ = 10 - 100 130 140 | 110 110 120 130
Super beam upgrades
T2KK from [162] - Vv
NOvA* from [162] - -
WBB-120g from [162] - Vv
neutrino factories
IDS-NF 1.0 from [84] VA -
Low-E NF from [163] - Vv
Hybrids
NF-SB from [163] VA Vv




Chapter 5

Low Energy Beta Beams

5.1 Introduction

Beta beams are the ideal tool for measuring neutrino cross sections, as
already discussed in Section 3.3.3. This particular feature has been exten-
sively discussed in the literature for neutrino energies around 100 MeV,
where a wide set of interesting non-oscillation neutrino experiments is pos-
sible.

It should be noted that at those energies neutrino oscillation experi-
ments seem to be rather problematic for several reasons: by lowering the
neutrino energy, neutrino fluxes become smaller and so oscillation sensi-
tivities become less attractive; for neutrino energies of 100 MeV or below
appearance experiments cannot be conducted with water Cerenkov detec-
tors because charged-current v, interactions are below the muon produc-
tion threshold while electron neutrino disappearance experiments are not
competitive with reactor experiments.

However, there is interest in other areas of physics for pure low energy
electron (anti)neutrino beams. In [165] it was proposed to build a low energy
facility in the 100 MeV energy range for nuclear structure studies and
neutrino-nucleus interactions [165-169], electroweak tests of the Standard
Model [170, 165, 171, 172] as well as core-collapse Supernova physics
[165, 173, 175].

In this energy range the decay ring characteristics and the detector
locations have to be re-optimized, as discussed in Section 5.2. The physics
potential of cross section measurements of such facilities is discussed in
Section 5.3, while the potential for fundamental interaction studies is pre-
sented in Section 5.4.

119
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Most of the material in this chapter is (with the kind permission of the
author) based on a topical review published by Cristina Volpe [174] material
taken from other publications is explicitly referenced in the following.

5.2 Low Energy Setups

To produce a beta beam in the 100 MeV energy range with e.g. 5He and
18Ne ions, a boost of v = 7-14 is necessary [165].

The low energy component of a beta-beam facility of any « can in prin-
ciple satisfy the requirements for a low energy beta beam as discussed in
[166] (see also Fig. 5.1). However one has to get rid of the high energy
events, which requires an off-axis configuration [176] (Section 5.2.1).
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Fig. 5.1 Neutrino fluxes from ®He beta beams at v = 7 (dash-dotted), 14 (dotted), 100
(dashed), 350 (solid) computed on-axis.

A study of the energy spectrum versus intensity issues for various combi-
nations of beta-beam facilities [166] shows that a small devoted storage ring
is more appropriate for low energy applications. First conceptual studies of
such a storage ring (concerning e.g. size, ion intensities, stacking method,
space charge effects) [177, 178] have shown it shares many concerns as those
discussed in Chapter 2. In short, it is feasible to construct such a ring and
it could possibly achieve higher intensities compared to the higher energy
beta beams due to the shorter acceleration time.
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Fig. 5.2 Possible on-axis and off-axis detector locations. See the text for the different
ring configurations and the different symbols.

To understand the neutrino fluxes near the decay ring straight sections
it is necessary to rewrite Eq. (3.1) making explicit the angular dependence
of the neutrino flux ®(E,).

The neutrino flux ®.,,(E,) in the rest (cm) frame is given, following
[166], by the well-known formula [179]:

Oom(E,) =bE?E./E2 —m2F(+Z,E.)O(E. —m.) (5.1)
where the constant b = In 2/m2ft1/2, with me the electron mass and ft; /5
the ft-value. The quantities appearing in the above expression are the
energy F. = Q—FE,, of the emitted lepton (electron or positron), @ being the
Q-value of the reaction, and the Fermi function F(+Z, E.), which accounts
for the Coulomb modification of the spectrum.

In the laboratory frame, where the boosted nucleus has a velocity v =
Bc, the boosted flux @;,,(F,, 0) is given by [166]:

Do (EA[1 = Bcosb)
~[1 — B cosb]

Considering a storage ring of total length L with straight sections of
length S, the total number of events per unit time in a cylindrical detector
of radius R and depth h, aligned with one of the straight sections of the
storage ring, placed at a distance d from the latter (position C' in Fig. 5.2) is:

dNey
dt

where n is the number of target nuclei per unit volume, o(E, ) is the relevant
neutrino-nucleus interaction cross section, and where

S h 0(£,2)
dl dz sin 6d6
Doy (EV) = / f / F / 2 (I)lab(Ella 9) ; (54)
0 0 0

Dy (E,,0) = (5.2)

= gtnh X / dE, @4, (F,)o(E,), (5.3)
0
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with
R

Following the discussion of [166] the neutrino fluxes are such that a “small”
decay ring is far more efficient than a “large” decay ring in delivering neu-
trino events in the detector, the flux ratio (small ring/large ring) being
proportional to the inverse ratio of the ring lengths Lsgr/Lyr. The overall
factor Lsgr/ L1 r simply accounts for the fact that the number of decaying
ions per unit length is smaller in a larger storage ring, and the solid angle
covered by the most distant parts of the decay ring is much smaller.

It is to be noted that when the detector is placed close to the storage
ring, the angular dependence of the neutrino flux detector is such that even
inside the detector the fluxes significantly vary as functions of the transverse
coordinate in the detector. This has led to extensive studies on the shape
optimization of the close detector, as reported in [180]. This is in contrast
with the case of a far detector considered in the high energy beta beam sce-
narios where the rate is practically insensitive to the transverse coordinate
in the detector (see also Fig. 4.4).

Table 5.1, derived from [166], displays the number of events per year
(107 s) collected for several reactions in a detector placed at d = 10 m
away from a “small” ring (Lgg = 450 m, Ssg = 150 m) and large ring
(Lrp =7 km, Spp = 2.5 km). From Table 5.1 it is evident that a small
ring is needed to keep the number of events reasonably large and that it
would result in an unpractical experiment collecting low energy events from
the large ring required to accumulate ions at v = 100 or higher, by putting
a detector just in front of the straight section.

5.2.1 Off-axis configurations

The experimental possibility of running a low energy neutrino experiment
close to the large ring needed by an oscillation experiment has been studied
in [176] where the close detector is off-axis with respect to one of the decay
ring straight sections. Most of the material in this section is taken from the
above quoted article.

The accelerated ions emit the highest energy neutrinos along the boost
direction. Therefore, by placing the detector off the storage ring straight
section axis one gets rid of the highest energy component of the neutrino
flux. The highest energy neutrinos reaching point D in Fig. 5.2 will be
emitted from the most distant point in the storage ring straight section
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Table 5.1 Number of events per year for v = 7 and v = 14 in the small (Lgg = 450 m,
Ssr = 150 m) and large (Lrgr = 7 km, Spr = 2.5 km) ring configurations. The
detector is located at d = 10 m away from the ring and has dimensions R = 1.5 m
and h = 4.5 m for the D (D20), *6Fe and 2°8Pb, and R = 4.5 m and h = 15 m for
the case of 160 (H20), where R is the radius and h is the depth of the detector. The
corresponding masses are given in tons. The flux-averaged cross section in the forward
direction (o) in units of 10742 cm? are also displayed. The relevant cross sections
are taken from the indicated references. The results are obtained considering 2.2 - 1018
18Ne decays/yr. From [166].

7:7 7:14
Reaction | Ref. | Mass (o) | Small | Large (o) | Small | Large
Ring Ring Ring Ring
v+D (181] 35 36.3 65 5 184.57 784 60
v+D [181] 35 23.2 831 59 96.0 | 8668 652
v+160 | [182] 952 3.3 20 2 174.38 | 2018 245
p+160 | [182] 952 5.0 708 64 102.0 | 27548 | 3151
v+5%Fe | [183] 250 137.9 291 21 1402.1 | 6923 570
v+208pPb | [184] 360 || 2931.2 | 2533 182 || 16310.2 | 34632 | 2971
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Fig. 5.3 Neutrino fluxes scaled by the length of the storage ring L®:ot(Ey): a small
storage ring SR (solid lines) and a large storage ring LR (long dashed lines) are shown.
The left (right) figure shows the fluxes impinging on the small (large) detector (see text).
All fluxes are obtained with ¥Ne boosted at v = 14. From [166]

(point A). If one wishes that only neutrinos with energy less or equal to
E.u arrive at point D, the angle 8 = ZADO has to satisfy the condition

v (Q - me)/Ecut
7? -1

6 = arccos (5.6)
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Fig. 5.4 Off-axis antineutrino fluxes (x20) evaluated at point D of Fig. 5.2 for two
different ion boosts and neutrino energy cuts. The neutrino flux from a low energy
beta beam (le) at v = 14 is shown for comparison. From [176].

The actual location of the detector depends on the desired antineutrino
cut-off energy.

Figure 5.4 displays the off-axis antineutrino fluxes evaluated at point
D, which lies on the perpendicular to the storage ring straight section
derived from the turning point O (z = 0; see Figure 5.2). The distance
y=AD = AO -tan 0 is determined using Eq. (5.6) and by constraining the
maximum energy of the neutrinos (E.,) reaching that point. The presented
results correspond to the cases where the He ions are boosted at v = 100,
and when FE, is set to 100 and 150 MeV. In particular, for v = 100 and
FE.ywt = 100 MeV, the distance y is 61.4 m. The main characteristics of
such fluxes are summarized in Table 5.2. In order to compare these results
with the low energy beta beam fluxes of Table 5.1, the values of Wnax and
N, are normalized by the same detector volume. From Table 5.2 one can
see that the off-axis antineutrino flux profiles are determined by the choice
of F.yt (which determines the angle #) and are not very sensitive to the
boost of the ions. The flux shapes are strongly asymmetric, centered at low
energies, and have rather long high energy tail.

From these results it is clear that both the off-axis flux at the peak
intensity and the related number of events N, are considerably smaller —
by factors of 20 - 100 — than those of the low energy beta beam option. Such
drastic reduction clearly makes this option hardly realizable for low energy
neutrino physics applications, unless higher ion intensities are achieved.
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Table 5.2 Average energy, peak energy evaluated at \T/max and
peak-flux (/10%) for an off-axis flux for a cylindrical detector with
r = 45 m and h = 15 m placed at = 0 and y (see Fig. 5.2)
such that the maximum energy of the neutrinos is Ecut. Neo gives
the number of events in 107 s for the antineutrino scattering on
protons considering water as a target material. The fluxes are in
units of m MeV~1s™!. The ions are boosted at v = 100; [176].

Eeut (MeV)  (E) (MeV)  Epear (MeV)  Wimax  New  y (m)

100 29.3 18.5 0.57 135 61.4
150 43.6 28.0 0.87 666 48.0

In order to remove the high energy neutrinos from the flux, the off-
axis detector should be placed relatively far away from the straight section
(y > 50 m). This renders the intensities very low.

To overcome this difficulty, a setup made by two off-axis detectors has
been proposed [176]. By using a subtraction procedure it is possible to
extract a more intense low energy antineutrino flux compared to the single
detector setup.

Considering the neutrino fluxes at two points D; and Ds, as shown in
Figure 5.2, the neutrino flux \T'D1 (E,) at point Dj is split into two parts:

one component produced in segment AB of the storage ring, \TIEB)(EV),
and the other produced in segment BO, \T!(Lio) (Ey). The flux fraction
\TIEB)(EV) at point D; is proportional to the neutrino flux Wp,(E,) at
point Do :

AO
ik

V(B = Up,(B,) (5.7)

The flux \T!SDBIO) (E,) can be obtained by combining the responses of the two
detectors located at Dy and Ds:

AO
ich
Note that this flux contains only neutrinos with energies less than FE.y,
set by Eq. (5.6). The subtracted flux of Eq. (5.8) has a similar energy
dependence as the flux at the point

x = AD; cosf — AO (5.9)
y= AD;sinf | (5.10)

VN E,) = Vp, (E,) — Up,(E,) (5.8)

but its intensity is higher by a factor of y/yp,. Here, the detector D; can
be placed much closer to the storage ring with respect to the single detector
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setup where the y-distance is of 48 - 75 m. This implies a potential neutrino
flux intensity enhancement by ~ 10 when yp, = 5 m.

The position of the detector at Do with respect to the position of the
detector at D; is fixed by the choice of the desired maximal neutrino energy
(Eecut) of the subtracted flux.

The flux gain is partially washed out when the realistic, large size de-
tectors are considered where the flux varies very significantly as a function
of the transverse coordinate.

Table 5.3 Flux characteristics for a two-detector setup
(y = 5 m, see Fig. 5.2) computed for *He at v = 100. From

[172].
Fewt MeV)  (E) (MeV)  Epear (MeV) W (x10°)
100 18.5 6.5 2.42
100 28.2 10.8 3.05
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Fig. 5.5 Comparison of the different low energy neutrino fluxes (left panel) and the
corresponding number of antineutrino-hydrogen events for the water detectors (right
panel). The presented results are obtained for a standard He (y = 100) beta beam
exploiting two detectors off-axis (Fig. 5.2) and the subtraction method described in the
text (these fluxes are multiplied by 6). As a comparison, the fluxes from a low energy
beta beam (le), and for a single off-axis detector as described in Section II.B (HE), are
given. The last flux is multiplied by 20. From [176].

Figure 5.5 shows the subtracted neutrino fluxes as well as differential
number of events considering the same detector in the previous section,
duplicated in Dy and D2 and aligned along BD; (see Fig. 5.2). The event
rates are obtained by using the subtracted fluxes multiplied by the anti-
neutrino on proton cross sections, considering that the detectors are filled
with water. The subtracted flux characteristics are given in Table 5.3 for
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two different neutrino maximum energy cuts (100 and 150 MeV). The flux
profile is even more asymmetric than for the single off-axis detector case
(Fig. 5.4). Note that the average energy is pushed towards much lower
energies (around 10 - 20 MeV) compared to the low energy beta beam
flux. The expected intensities are significantly higher than in the case of
the single off-axis detector, but still several times lower than the small ring
on-axis detector setup.

5.3 Nuclear Structure, Neutrino-nucleus,
Nuclear Astrophysics Applications

Neutrino-nucleus interactions represent a topic of current great interest for
various domains of physics, from neutrino physics to nuclear physics and
astrophysics. The motivations come for example from the need for a precise
knowledge of the neutrino detector response in neutrino experiments and
in core collapse supernova observatories aiming at the detection of the relic
supernova neutrino background [185] using neutrino interaction on argon
[186] and carbon or oxygen [187] or of neutrinos from an (extra)galactic
explosion [185].

For instance, the 1n or 2n emission associated with charged-current
events in a supernova lead-based observatory depends on the average elec-
tron neutrino energy, which encodes information on the still unknown third
neutrino mixing angle ;3 [188]. Such a detector is now planned at SNO-
LAB (the HALO project).

Neutrino-nucleon reactions play a crucial role in the understanding of
the supernova dynamics [189, 190], the yields of the r-process nucleosynthe-
sis that could take place in such environments [191] and also contribute to
the energy transfer (from accretion-disk neutrinos to nucleons) in gamma-
ray burst models [192, 193]. Finally, understanding the subtleties of the
neutrino-nucleon interactions is crucial to the terrestrial observation of neu-
trino signals [194, 195].

Besides the astrophysical applications, a precise knowledge of the nu-
clear response of neutrinos is also crucial for our knowledge of the nuclear
isospin and spin-isospin response that has fundamental implications, for
example the search of physics beyond the Standard Model through neutri-
noless double-beta decay [168].

In [165] it has been pointed out that the availability of neutrino beams in
the 100 MeV energy range offers a unique opportunity to study spin-isospin
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and isospin nuclear excitations, for which little experimental information
is available today. Both the isospin and spin-isospin collective (and non-
collective) modes are excited when a neutrino encounters a nucleus, due to
the vector and axial-vector nature of the weak interaction. The (super-)
allowed Fermi transitions — due to the vector current and therefore the
isospin operator — offer a well-known example of such excitations at low
momentum transfer. A precise knowledge of these nuclear transitions is
essential for determining the unitarity of the CKM matrix, the analog of
the MNSP matrix in the quark sector (see e.g. [196]).

Another less known but still intriguing example is furnished by the
allowed Gamow-Teller transitions — due to the axial-vector current and
therefore the spin-isospin operator — in mirror nuclei, which are used to
search for the possible existence of second-class currents in the weak inter-
action [197, 198]. These terms transform in the opposite way under the
G-parity transformation ! as the usual vector and axial-vector terms, and
are not present in the Standard Model. Because of their importance, both
the allowed Fermi and Gamow-Teller transitions have been studied for a
very long time in nuclear physics through beta-decay and charge-exchange
reactions (for the Gamow-Teller ones). While the precision achieved in the
description of the (super-)allowed Fermi transitions is impressive, our un-
derstanding of the allowed Gamow-Teller transitions still requires the use
of an effective axial-vector coupling form factor, to take into account the
“quenching” of the predicted transitions, compared to the ones measured
in beta-decay or charge-exchange reactions (see for example [199]).

The still open “quenching” problem represents a limitation in our de-
scription of the weak spin-isospin nuclear response, in spite of the crucial
role that it plays in various hot issues in nuclear astrophysics and high
energy physics.

Little or no experimental information is available for the spin-isospin
and isospin nuclear excitations such as the spin-dipole (J™ =07,17,27),
or the states of higher multipolarity (e.g. J™ = 2%,37,3%,47,4%). These
states come into play when a weak probe transfers a finite momentum to a
nucleus, like in muon capture or in neutrino-nucleus interactions. Supple-
mentary information on the corresponding weak transition amplitudes can
be furnished by electron scattering studies, which however explore nuclear
excitations induced by the vector current only.

I The G-parity transformation corresponds to the product of the charge conjugation and
of a rotation in isospin space.
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Fig. 5.6 Nuclear structure studies with low energy beta beams: contribution of isospin
and spin-isospin nuclear states excited in the charged-current 2OSPb(I/67 67)208Bi reac-
tion (10740 cm?) for increasing neutrino energy, i.e. Ey, = 15 MeV (up), 30 MeV (mid-
dle), 50 MeV (bottom). The histograms show the isobaric analogue state (J™ = 01),
the allowed Gamow-Teller (J™ = 17T), the spin-dipole (J™ = 07,17,27), as well as
states of higher multipolarity (J7 = 21,37,3%,47,4%). For the latter no experimental
information is available. Their contribution to the total cross section becomes significant
when the impinging neutrino energy increases [165].

Figure 5.6 illustrates the contribution of spin-isospin and isospin tran-
sitions excited in neutrino scattering on lead, and their evolution when the
neutrino energy increases.

A quantitative estimate of the importance of such states is also gath-
ered by computing the flux-averaged cross sections?, which are the relevant
quantities for experiments. If one considers the neutrino fluxes correspond-
ing to the decay-at-rest of muons, the spin-dipole states (J™ =07,17,27)
contribute by about 40% in 2C [200] and *°Fe [201], and by about 68%
in 208Pb [184]. The contribution from the states of higher multipolarity is

2Flux-averaged cross sections are obtained by folding the cross sections with the neu-
trino flux of the source.
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Fig. 5.7 Total electron spectrum coming from charged current neutrino scattering on
lead (solid line), with neutrinos coming from pion decay-at-rest (left) and from low energy
beta beams with v = 10 (right). The other curves present the contribution from the
allowed Fermi and Gamow-Teller states (long dashed line), from the 0=,17,2~ (short
dashed lines) and the 21,37 3% 47 4% states (dotted line) [167].

about 5% and 25% in iron and lead respectively; while it amounts to about
30% in carbon [200] and 60% in lead [184] if neutrinos are produced from
pion decay-in-flight.

Since low energy beta beams have the specificity that the average neu-
trino energy can be raised by increasing the Lorentz boost of the ions, they
constitute a promising tool for the study of these states, through a system-
atic study on various nuclear targets and different neutrino energies. Even
though the measured cross sections are, in the majority of cases, inclusive,
experimental information on these states can be extracted by changing the
Lorentz ion boosts since different pieces of the nuclear response are impor-
tant at different energies ([165], Fig. 5.6).

In [167] neutrino scattering on lead is taken as an example to show
another procedure of extracting information on the different spin-isospin
and isospin excitations, namely through a comparison of measurements
with conventional beams and low energy beta beams (Fig. 5.7). In fact, the
corresponding neutrino fluxes are in the same energy range for v = 7, but
their shape and average energies are different. Besides, the measurement
of the cross section without or with (one or two) neutrons can be used for
the same purpose, in the specific case of the lead nucleus [167].

A more extensive investigation as far as the nuclear structure informa-
tion that can be extracted by performing measurements on several nuclei



Low Energy Beta Beams 131

is done in [169]. In particular, the total charged-current and flux-averaged
cross sections associated electron (anti)neutrino scattering on oxygen, iron,
molybdenum and lead are investigated. The contribution from each multi-
pole is given, showing that by using neutrinos from low energy beta beams,
information on forbidden states, in particular the spin-dipole, can be ex-
tracted.

However, the available experimental neutrino-nucleus scattering data in
the relevant energy range is limited, since deuteron, carbon and iron are
the only nuclei investigated so far. As a consequence one has to rely on
the numerous theoretical predictions and on extrapolations for the nuclei
and energies of interest. These calculations exploit a variety of approaches,
including Effective Field Theories, the Shell Model and the Random-Phase-
Approximation, and the Elementary Particle Model [181, 222]. The cross
section estimates agree quite well at very low energies, where the nuclear
response is dominated by the allowed Fermi and Gamow-Teller transitions.
However, important discrepancies appear at higher neutrino energies, when
the other nuclear excitations become important (Figs. 5.6 and 5.7). In this
energy region, the calculations are in fact largely subject to nuclear struc-
ture uncertainties and model dependencies (e.g. treatment of the contin-
uum, choice of the forces, higher-order correlations).

The present discrepancies between the predicted and measured
neutrino-carbon cross sections and between the calculations in the case of
lead are talkative examples [223] of the difficult theoretical task. Systematic
neutrino-nucleus interaction studies performed with low energy beta beams
offer the perfect tool to explore the nuclear response in this energy region
in great detail, and to put the theoretical predictions on firm ground.

A novel procedure to determine the response of a target nucleus in
a supernova neutrino detector directly, through the use of low energy
beta beams, is pointed out in [173, 175]. It is shown that the cross sections
folded with a supernova neutrino spectrum can be well reproduced by linear
combinations of beta beam spectra. This comparison offers a direct way to
extract the main parameters of the supernova neutrino flux. The proposed
procedure appears quite stable against uncertainties coming from the ex-
periment, or the knowledge of the cross section, that give rise to “noise” in
the expansion parameters.

Finally, it has been pointed out [168] that neutrino-nucleus interac-
tions are also important in the search for neutrinoless double-beta decay
in nuclei. In fact, by rewriting the neutrino exchange potential in momen-
tum space and by using a multiple decomposition, the two-body transition
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operators, involved in the former, can be rewritten as a product of the
one-body operators involved in neutrino-nucleus interactions (except for
the short range correlations as well as possible phases present in the two-
body process). Neutrino-nucleus scattering data offer a potential new con-
straint for the predictions on the neutrinoless double-beta decay half-lives.
At present these calculations suffer from important discrepancies for the
same candidate nucleus. Beta decay [202, 203], muon capture [204, 205],
charge-exchange reactions [206, 207] and double-beta decay with the emis-
sion of two neutrinos [208] have been used to constrain the calculations
so far. Neutrino-nucleus measurements would have the advantage that, if
both neutrinos and antineutrinos are available, the nuclear matrix elements
involved in the two branches of neutrinoless double-beta decay — from the
initial and the final nucleus to the intermediate one — can be explored.

5.4 Fundamental Interaction Studies

Several applications for fundamental interaction studies of low energy
beta beams have been discussed so far: the measurement of the Weinberg
angle at low momentum transfer [171], a conserved vector current (CVC)
test with neutrino beams [172], the measurement of the neutrino magnetic
moment [167], the measurement of coherent neutrino-nucleus elastic scat-
tering [210], the sensitivity to extra neutral gauge bosons, leptoquarks and
r-parity breaking interactions [211].

5.4.1 Weinberg angle measurement

The measurement of the Weinberg angle represents an important test of
the electroweak theory. Several experiments at different Q? exist, namely
the atomic parity violation [225] and Moller scattering at Q% = 0.026 GeV?>
[226] which combined with the measurements of sin? 66y at the Z° pole
[227], are consistent with the expected running of the weak mixing angle.
However, recent measurement of the neutral- to charged-current ratio in
muon antineutrino-nucleon scattering at the NuTEV experiment disagrees
with these results by about 3 ¢ [228]. A number of ideas were put forward
to explain the so-called NuTEV anomaly [229-232]. However, a complete
understanding of the physics behind it is still lacking; probing the Weinberg
angle through additional experiments with different systematic errors would
be very useful. The possibility of using a low energy beta-beam facility to
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Fig. 5.8 One sigma uncertainty in the Weinberg angle as a function of the systematic
error at each v for v = 12 (dotted line), for v = 7,12 (broken line), and for v =
7,8,9,10,11,12 (dash-dotted line). The helium-6 intensity at the storage ring is 2.7 x
1012 ions/s in the left panel [177], and with an increased intensity of 8.1 x 102 ions/s
in the right panel. In both cases, the measurement duration at each  is 3 x 107 s [171].

carry out such a test with neutrino-electron scattering at low momentum
transfer, i.e. Q% = 10~% GeV? is investigated in [171]. In particular it is
shown that since the neutrino flux and average energy are well-known in
the case of beta beams, the number of counts is in principle sufficient to
extract information on the Weinberg angle. A fully efficient 1 kt Cerenkov
detector is designed to be located 10 m from a small storage ring 1885 m
long, 678 m straight sections, in which the expected intensities for v = 7-14
are 0.5x 10! helium-6/s and 2.7x10'% neon-18/s. These numbers are the
outcome of a preliminary feasibility study of the small storage ring [177].
The (anti)neutrino on electron events are identified by an angular cut. The
background from neutrino-proton scattering is suppressed by the use of
gadolinium [233]. Figure 5.8 shows the precision with which the Weinberg
angle can be measured after the inclusion of both statistical (running 3x107
s at each gamma) and systematic errors. In particular, if the systematic
error can be kept below 10%, a precision of 10% seems to be within reach
at a beta-beam facility.

5.4.2 Conserved vector current hypothesis

The CVC hypothesis connects weak and electromagnetic hadronic currents.
Several tests of CVC have been performed in the past, concerning, in par-
ticular, the vector form factor, through super-allowed nuclear beta decay
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studies (see e.g. [196]). Verifying that the CVC hypothesis correctly pre-
dicts tensor terms — often referred to as weak magnetism — is of fundamental
importance [234]. So far, this contribution to the weak currents has been
tested in an experiment involving the beta decay of Gamow-Teller transi-
tions in mirror nuclei in the A = 12 triad [235-237].

A test based on neutrino-nucleon collisions at low momentum using low
energy beta beams is proposed in [172]. This would have, in particular,
the advantage that there is no uncertainty coming from nuclear structure
calculations. In [172] the sensitivity to the weak magnetism term that can
be achieved in the 7, + p — e + n reaction, both with the total number
of events and with the angular distribution of the emitted positrons, is
studied. For this purpose the same setup as for the measurement of the
Weinberg angle is taken, and the interaction of anti-neutrinos on protons
in a water Cerenkov detector is considered.

The results show that when systematic errors are taken into account, the
angular distribution is a much better tool than the total number of events
to extract information on the weak magnetism form factor. In particular,
if those errors are kept below 5%, a one year measurement of the weak
magnetism is possible at a 1 o level of 9%, if the ions in the storage ring
are boosted to v = 12.

An even better measurement is expected if the ions are boosted to
v > 12, because of the increasing importance of the weak magnetism contri-
bution with the impinging neutrino energy. This way of probing the weak
magnetism form factor at low momentum transfer constitutes a new test of
the conserved vector current hypothesis.

5.4.3 Neutrino magnetic moment

It is interesting to note that one might use the ion decay at rest as an intense
neutrino source, in order to explore neutrino properties that are still poorly
known, such as the neutrino magnetic moment [170]. Direct measurements
to achieve improved limits are precious, since the observation of a large
magnetic moment points to physics beyond the Standard Model. Once
produced, the ions are fired to a target inside a 47 detector.

The measurement of the (anti)neutrino interaction with the electrons,
as a function of the electron recoil, is then used to set limits on the neutrino
magnetic moment. Current bounds come from direct measurements using
reactor neutrinos, and are in the range p, < 0.9 —4 x 107105 [238-242].
From solar neutrino-electron scattering at Super-Kamiokande a limit of
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py < 1.5x107 1%, 5 at 90% CL has been obtained [194]. Upper limits in the
range 10711~ 107245 are also inferred from astrophysical and cosmological
considerations [243], the exact values being model-dependent.

The prospects of using low energy beta beams to improve the direct
bounds has been studied in comparison with reactor neutrinos and a very
intense tritium source [170]. While the advantage of using beta beams
is that the neutrino flux is perfectly known, the main limitation for this
application is clearly the intensity of the ions. The conclusion of these
studies is that sensitivities on neutrino magnetic moment of a few 10~ g
could be reached only if He sources were pushed to intensities of the order
of 10 ions/s.
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