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Sources of neutrinos

SBL/LBL beams + 
SuperBeams

-factoriesν

-beamsβ

fusion in the Sun

cosmic rays on atmosphere

SuperNovae

astrophysical engines (active galaxies, stars)

nuclear decays in Earth’s interior

the Big Bang

fission in nuclear reactors

particle accelerators
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The    -beam ideaβ

- short half-life

- easy production mechanism

- known energy/spectrum

A      decaying nucleus (ion) which has:β

is accelerated  at high energies and 
let decay in a straight section of an accumulation ring.

An intense beam of energetic neutrinos is produced.

β decay

e νe

boost

+ +

(t1/2 ∼ 1 sec)



The    -beam ideaβ

(
E!

ν
, E!

ν
sin θ!, 0, E!

ν
cos θ!

)
rest frame

νe



The    -beam ideaβ

(
E!

ν
, E!

ν
sin θ!, 0, E!

ν
cos θ!

)

(
γE!

ν
(1 + β cos θ!), E!

ν
sin θ!, 0, γE!

ν
(β + cos θ!)

)

= (Eν , Eν sin θ, 0, Eν cos θ)

rest frame

lab  frame




p⊥ = p!

⊥
p‖ = γE!

ν
(β + cos θ!)

Eν ! 2γE!

ν

tan θ =
sin θ!

γ(β + cos θ!)
∝

1

γ
" 1

νe



The    -beam ideaβ

(
E!

ν
, E!

ν
sin θ!, 0, E!

ν
cos θ!

)

(
γE!

ν
(1 + β cos θ!), E!

ν
sin θ!, 0, γE!

ν
(β + cos θ!)

)

= (Eν , Eν sin θ, 0, Eν cos θ)

rest frame

lab  frame




p⊥ = p!

⊥
p‖ = γE!

ν
(β + cos θ!)

Eν ! 2γE!

ν

highly focussed

high energy

tan θ =
sin θ!

γ(β + cos θ!)
∝

1

γ
" 1

νe pure



The    -beam setupβ

AB seminar BENE beta-beam network

CERN: !-beam

baseline scenario

PS

Decay

Ring
ISOL target

& Ion source

SPL

Cyclotrons,

linac or FFAG

Decay ring

Brho = 1500 Tm

B = 5 T

Lss = 2500 m

SPS

ECR

Rapid

cycling

synchrotron

Nuclear
Physics
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CERN Frejus

Mton water Cerenkov (UNO)

L ! 130 Km

ν

(36% of total 6.9 km)



AB seminar BENE beta-beam network

Layout very similar to planned EURISOL converter target

aiming for 1015 fissions per s.

66He production by He production by 99Be(n,a)Be(n,a)

U
.K

os
te

r 
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ia
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u
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li

The    -beam proposalβ

∼ 10
13 nuclei/sec, in bunches every 8 sec

unstable nuclei production via spallation neutrons



The Anti-Neutrino Source
Consider 6He++!6Li+++  "e e

-

Q=3.5078 MeV   T/2 # 0.8067 s

1. The ion is spinless, 
and therefore decays 
at rest are isotropic. 

2. It can be produced at 

high rates

3. The neutrino spectrum 
is known on the basis of 
the electron spectrum.

B.M. Rustand and S.L. Ruby, Phys.Rev. 97 (1955) 991
B.W. Ridley  Nucl.Phys. 25 (1961) 483
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ν̄e
6
He

++
→

6
Li

+++
e
−

ν̄e

spectrum is known 
from      spectrum

source:

ν

e

5 10
13 nuclei/sec

typical        after boostEν ≈ 0.5 GeV

(γ ≈ 150)

# of events at                        :            L ! 130 Km

70 /kton/year≈

parent nucleus spinless:
isotropic emission

P. Zucchelli / Physics Letters B 532 (2002) 166–172 167

is being studied for the muon-based neutrino factory

scheme [2].

The resulting neutrino beam has three distinctive

and novel features:

• a single neutrino flavour, essentially background-

free;

• well-known energy spectrum and intensity;

• low energy combined with strong collimation,

resulting from the low neutrino energy in the

centre-of-mass system and the large Lorentz boost

of the parent ions. This feature is particularly

important for long-baseline neutrino studies.

2.1. Nuclear beta decays

As a guideline, a textbook atomic β− decay which
has well-known characteristics and good features for

neutrino production is considered:

6
2He

++ → 6
3Li

+++e−ν̄e.

Its half-life T1/2 is 0.8067 s and the Q value of

the reaction is 3.5078 MeV [3]. These two quantities

are, unfortunately, correlated by the ‘Sargent rule’ [4].

In substance, the width of the unstable initial state is

proportional to the fifth power of the reaction energy,

so that a low Q value implies an almost stable atom.

For neutrino production and long-baseline studies,

contemporaneous low value of Q and T1/2 would be

the best solution, in contradiction with nature. The

energy spectrum of the electron produced in the 6He

beta decay has been extensively measured and is well

described theoretically (without corrections due to

the Coulomb attraction between the nucleus and the

electron) by the simple analytic formula

N(E)dE ≈ E2(E − Q)2 dE,

where E is the electron kinetic energy. The neutrino

spectrum is therefore completely known by the labora-

tory measurement of the associated electron (without

involving a neutrinomeasurement) since Ee+Eν ≈ Q

because of the large mass of the nucleus. The average

energy of the neutrino from 6He decay is 1.937 MeV.

The neutrino is isotropically emitted since the parent

ion is spinless.

Fig. 1. ‘Boosted’ spectrum of the neutrinos at the far detector.

2.2. The relativistic effect

Suppose that the 6He atom is accelerated up to

a value of γ = 150, achieving a typical energy per

nucleon currently obtained in the heavy-ion runs

of the CERN SPS. In the laboratory frame, the

neutrino transverse momentum (with respect to the

beam axis) is identical to that observed when the

atom is at rest: 1.937 MeV on average. In contrast,

the average longitudinal momentum is multiplied by a

factor corresponding to γ and therefore neutrinos have

typical decay angles of 1/γ , in our case 7 mrad. In the

forward direction, the centre-of-mass neutrino energy

is multiplied by the factor 2γ , so that the average

neutrino energy on a ‘far’ detector is 581MeV (Fig. 1).

As the lateral dimensions of the far detector are

typically much smaller than 1/γ multiplied by the

distance L, the neutrino spectrum has essentially no

radial dependence. The neutrino flux per parent decay

and unit area is obtained by a Lorentz transformation

of the centre-of-mass distribution of neutrino emission

into the laboratory system. For a value of γ = 150,

the relative neutrino flux computed at distances above

≈ 1 km varies according to the 1/L2 scaling law, and

at 100 km distance (corresponding to 〈E〉/L = 5.9×
10−3 GeV/km) its value is Φ = 7.2× 10−7m−2. It is
important to compare the focusing properties of a beta-

beam with those of a muon-based neutrino factory

1
.0

5
 G

eV

boosted



The    -beam proposalβ

spectrum is known 
from      spectrum

source:

ν

e

Table 5: Possible characteristics of some beta-beam emitter candidates. The laboratory neutrino energies are

computed for emitters accelerated to the maximum energy achievable by a 450 GeV proton accelerator such as the

CERN SPS. All energies are in MeV units.

Nucleus Z/A T 1

2

(s) Qβ Qeff
β Eβ Eν ELAB

νe decay
6
2He 3.0 0.807 3.5 3.5 1.57 1.94 582
8
2He 4.0 0.119 10.7 9.1 4.35 4.80 1079
8
3Li 2.7 0.838 16.0 13.0 6.24 6.72 2268
9
3Li 3.0 0.178 13.6 11.9 5.73 6.20 1860
16
6 C 2.7 0.747 8.0 4.5 2.05 2.46 830
18
7 N 2.6 0.624 13.9 8.0 5.33 2.67 933
25
10Ne 2.5 0.602 7.3 6.9 3.18 3.73 1344
26
11Na 2.4 1.072 9.3 7.2 3.34 3.81 1450

νe decay
8
5B 1.6 0.77 17.0 13.9 6.55 7.37 4145
10
6 C 1.7 19.3 2.6 1.9 0.81 1.08 585
18
10Ne 1.8 1.67 3.4 3.4 1.50 1.86 930
33
18Ar 1.8 0.173 10.6 8.2 3.97 4.19 2058
34
18Ar 1.9 0.845 5.0 5.0 2.29 2.67 1270
35
18Ar 1.9 1.775 4.9 4.9 2.27 2.65 1227
37
19K 1.9 1.226 5.1 5.1 2.35 2.72 1259
80
37Rb 2.2 34 4.7 4.5 2.04 2.48 1031

GeV/km previously mentioned, the neutrino-factory detector would be located 5750 km from a 50 GeV

muon storage ring [132]. The relative flux of neutrinos reaching the far detector of the muon-based

neutrino factory is 5.7 × 10−9/m2, 128 times less than in a beta beam. It should also be said that the

relative neutrino flux comparison is essentially independent of the γ factor, if the comparison is made
under identical 〈E〉 /L conditions, since both fluxes are proportional to 1/L2. This is strictly correct

if the polarization effects due to the muon spin are neglected. The polarization of the muon affects the

energy spectrum and the relative flux of both neutrino flavours produced in the muon decay [135].

Another significant neutrino beam parameter is the number of neutrino interactions when E/L ≈
∆m2 . This is the parameter that determines the overall statistics collected by an oscillation disappear-

ance experiment, and is also indicative of the appearance signal intensity, since

I ∝ sin2(1.27
∆m2 [eV2]L[km]

E[GeV]
).

Assuming the neutrino cross sections to be proportional to the neutrino energy j, and taking into account

the fact that the focusing properties of the neutrino beam depend solely on the γ factor, the neutrino
interaction rate Nint in the far detector is:

Nint ∝ (∆m2 )2 × γ

Ecms

where Ecms is the neutrino energy in the frame where its parent is at rest.

jThis approximation is good for electron and muon neutrinos at the energies under discussion.

45

The Neutrino Source
Possible neutrino emitter candidate:18Ne (spinless!)

The same technology used in the production of  6He is limited

in the 18Ne case to ~1012 ions/s.
Despite it is reasonable to assume that a dedicated R&D 
will increase this figure, this intensity is used as “today” reference.

Issues: 
MgO less refractory,

heat dissipation

Physics reference number: 

1012 18Ne/s every 8s 

νe

18
Ne →

18
F e

+
νe

nuclei/sec1 10
12

typical        after boostEν ≈ 0.9 GeV
(γ ≈ 250)

# of events at                        :            L ! 130 Km

2 /kton/year≈

parent nucleus spinless:
isotropic emission



The    -beam proposalβ

backgrounds:

- atmospheric neutrinos at detection

 - none at production
(hadronic interactions of daughter nuclei 
in tunnel: negligible)

use directionality
use timing of bunches 

feasibility:  - unstable nuclei production at ISOLDE ok
 - acceleration technology exists

 - storage technology exists
 - radiation issues under control



The    -beam proposal: 
            variations

β

- a low energy    -beam:β

- a high energy    -beam:β

Eν ∼ few · 10 MeV

C.Volpe, J.Phys.G 30:L1-L6 (2004)

study     N  interactions at energies like SN
     (energy deposition for explosion, stellar nucleosynthesis...)

ν

J.Burguet-Castell et al.,Nucl.Phys.B695(2004)
F.Terranova et al.,Eur.Phys.J.C38(2004)

Eν ∼ few GeV
(
γ ∼ 1000

)
L ∼ O(1000) km

larger       cross-sections
    (you may use the rock as a target for high energy muons)

handle on matter effects

ν

- a mono energetic    -beam:β
using  electron-capture decaying nuclei (2 body)

J.Bernabeu et al., hep-ph/0505054
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Neutrino factory
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Figure 5: Possible neutrino spectra: (a) normal (b) inverted.

than MZ/2 have been excluded by LEP) everything works in the same way: triplet exchange
generates the Majorana mass operator, (LH)2.

2.3 Extra scalar triplet

We have seen how neutrino masses can be obtained adding new fermionic (‘matter’) fields. Al-
ternatively, one can add one scalar (‘Higgs’) triplet T with appropriate hypercharge, such that
the most generic renormalizable Lagrangian is

L = LSM + |DµT |2 − M2
T |T |2 + (λij

T LiLjT + m HHT ∗ + h.c.)

where λT is a symmetric flavour matrix. Integrating out the heavy triplet generates the Majorana
neutrino masses operator (LH)2 (see fig. 4b) inducing neutrino masses mij

ν = −2λij
T m/M2

T . A
smaller number of unknown flavour parameters are needed to describe one extra scalar triplet
than the extra fermion scalars or triplets.

To conclude, we discuss how these possible sources of neutrino masses are consistent with
plausible extensions of the SM: gauge unification, supersymmetry and thermal leptogenesis.

SU(5) and SO(10) gauge unification allow to understand the charges of the observed fermions
and suggest a new ‘unification’ scale of about 1016 GeV, between ΛL and the Planck scale. Ac-
cording to this theoretical framework the most attractive way of generating neutrino masses is
adding one right-handed neutrino per family: it is predicted by SO(10), it does not affect running
of gauge coupling constants and its decays can generate the observed baryon abundancy (sec-
tion 11.3). Certain unification models naturally accomodate scalar triplets, while fermion triplets
seem more problematic from this point of view.

Furthermore, all three possibilities are compatible with supersymmetry. Singlet and triplet
fermions can be straighforwardly promoted to superfields. As well known the SM scalar Higgs
must be extended to two Higgs superfields Hd and Hu with opposite gauge charges. Likewise, the
scalar triplet T must be extended to two triplet superfields T and T̄ with opposite gauge charges.
In the relevant superpotential

W = WSM + λij
T LiLjT + MT T T̄ + λdHdHdT + λuHuHuT̄

T̄ does not couple to leptons and neutrino masses are obtained as mij
ν = 2v2

uλ
ij
T λu/MT .

Finally, all scenarios allow succesfull thermal leptogenesis (section 11.3).
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Physics reach
oscillations

we’ll look for subdominant oscillations

Figure 2: Neutrino production, oscillation and detection via charged current interactions for
a neutrino factory for one polarity. νe and νµ are produced in equal numbers from µ-decays
and can undergo different oscillations. The νµ → νµ and νe → νµ channels are most inter-
esting for detectors with µ identification. Note, however, that excellent charge identification
capabilities are required to separate “wrong sign muons” and “right sign muons”. The ντ

oscillation channel is not shown here, but it would become important if detectors with tau
identification capabilities can be built.

decays of the radioactive elements lead to pure νe or νe beams with γ " 100 [39]. The
energy spectrum of the neutrinos in the beam is determined by the neutrino energies of
the decay at rest, boosted by the γ factor, resulting typically in beam energies of a few
hundred MeV at acceleration energies of about 100 GeV per nucleon. There are technological
and environmental challenges and it is unclear if β-beams can become an affordable and
competitive neutrino source. We will not include β beams in our quantitative discussion,
but we will see that superbeams and neutrino factories have already an impressive potential,
which could only be improved if β-beams were realized.

3 The Oscillation Framework

Most existing results on neutrino oscillations can so far be understood in an effective two
neutrino framework with the well known oscillation probability for a baseline L and neutrino
energy Eν

P (νf1
→ νf2

) = |〈νf1
(t)|νf2

(t = 0)〉|2 = sin2 2θ · sin2

(
∆m2L

4Eν

)
, (1)

where θ is the mixing angle between the two flavour eigenstates f1 and f2 and where
∆m2 = m2

2 − m2
1 is the difference between the mass eigenvalues. Precision measurements

at future LBL experiments involve a very precise knowledge of the sources, the detectors
and the oscillation framework in matter. An effective two neutrino description is there-
fore definitively not adequate and matter effects must be included into the three neutrino
oscillation framework.

The generalization of the oscillation formulae in vacuum to the case of N neutrinos leads

5

Figure 2: Neutrino production, oscillation and detection via charged current interactions for
a neutrino factory for one polarity. νe and νµ are produced in equal numbers from µ-decays
and can undergo different oscillations. The νµ → νµ and νe → νµ channels are most inter-
esting for detectors with µ identification. Note, however, that excellent charge identification
capabilities are required to separate “wrong sign muons” and “right sign muons”. The ντ

oscillation channel is not shown here, but it would become important if detectors with tau
identification capabilities can be built.

decays of the radioactive elements lead to pure νe or νe beams with γ " 100 [39]. The
energy spectrum of the neutrinos in the beam is determined by the neutrino energies of
the decay at rest, boosted by the γ factor, resulting typically in beam energies of a few
hundred MeV at acceleration energies of about 100 GeV per nucleon. There are technological
and environmental challenges and it is unclear if β-beams can become an affordable and
competitive neutrino source. We will not include β beams in our quantitative discussion,
but we will see that superbeams and neutrino factories have already an impressive potential,
which could only be improved if β-beams were realized.

3 The Oscillation Framework

Most existing results on neutrino oscillations can so far be understood in an effective two
neutrino framework with the well known oscillation probability for a baseline L and neutrino
energy Eν

P (νf1
→ νf2

) = |〈νf1
(t)|νf2

(t = 0)〉|2 = sin2 2θ · sin2

(
∆m2L

4Eν

)
, (1)

where θ is the mixing angle between the two flavour eigenstates f1 and f2 and where
∆m2 = m2

2 − m2
1 is the difference between the mass eigenvalues. Precision measurements

at future LBL experiments involve a very precise knowledge of the sources, the detectors
and the oscillation framework in matter. An effective two neutrino description is there-
fore definitively not adequate and matter effects must be included into the three neutrino
oscillation framework.

The generalization of the oscillation formulae in vacuum to the case of N neutrinos leads
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than MZ/2 have been excluded by LEP) everything works in the same way: triplet exchange
generates the Majorana mass operator, (LH)2.

2.3 Extra scalar triplet

We have seen how neutrino masses can be obtained adding new fermionic (‘matter’) fields. Al-
ternatively, one can add one scalar (‘Higgs’) triplet T with appropriate hypercharge, such that
the most generic renormalizable Lagrangian is

L = LSM + |DµT |2 − M2
T |T |2 + (λij

T LiLjT + m HHT ∗ + h.c.)

where λT is a symmetric flavour matrix. Integrating out the heavy triplet generates the Majorana
neutrino masses operator (LH)2 (see fig. 4b) inducing neutrino masses mij

ν = −2λij
T m/M2

T . A
smaller number of unknown flavour parameters are needed to describe one extra scalar triplet
than the extra fermion scalars or triplets.

To conclude, we discuss how these possible sources of neutrino masses are consistent with
plausible extensions of the SM: gauge unification, supersymmetry and thermal leptogenesis.

SU(5) and SO(10) gauge unification allow to understand the charges of the observed fermions
and suggest a new ‘unification’ scale of about 1016 GeV, between ΛL and the Planck scale. Ac-
cording to this theoretical framework the most attractive way of generating neutrino masses is
adding one right-handed neutrino per family: it is predicted by SO(10), it does not affect running
of gauge coupling constants and its decays can generate the observed baryon abundancy (sec-
tion 11.3). Certain unification models naturally accomodate scalar triplets, while fermion triplets
seem more problematic from this point of view.

Furthermore, all three possibilities are compatible with supersymmetry. Singlet and triplet
fermions can be straighforwardly promoted to superfields. As well known the SM scalar Higgs
must be extended to two Higgs superfields Hd and Hu with opposite gauge charges. Likewise, the
scalar triplet T must be extended to two triplet superfields T and T̄ with opposite gauge charges.
In the relevant superpotential

W = WSM + λij
T LiLjT + MT T T̄ + λdHdHdT + λuHuHuT̄

T̄ does not couple to leptons and neutrino masses are obtained as mij
ν = 2v2

uλ
ij
T λu/MT .

Finally, all scenarios allow succesfull thermal leptogenesis (section 11.3).

12

νe oscillate in

driven by ∆m2

sun, θsun

νµ,τ

at L ≈ 7000 Km(
Eν ∼ 0.5 GeV

)

driven by ∆m2

13, θ13 at∆m2

13, θ13 L ! 200 Km
(
Eν ∼ 0.5 GeV

)

νe ↔ νµ,τ



Physics reach
e.g. full expression for P (νe → νµ)

Â = A/∆m2
31 = 2V E/∆m2

31, where V =
√

2GFne. Using ∆ ≡ ∆31, the leading terms in
this expansion are, for example, for P (νµ → νµ) and P (νe → νµ) [49, 50, 51]

P (νµ → νµ) ≈
1 − cos2 θ13 sin2 2θ23 sin2 ∆ + 2 α cos2 θ13 cos2 θ12 sin2 2θ23∆ cos ∆, (17)

P (νe → νµ) ≈ sin2 2θ13 sin2 θ23
sin2((1−Â)∆)

(1−Â)2

± sin δ · sin 2θ13 α sin 2θ12 cos θ13 sin 2θ23 sin(∆)
sin(Â∆) sin((1−Â)∆)

Â(1−Â)

+ cos δ · sin 2θ13 α sin 2θ12 cos θ13 sin 2θ23 cos(∆)
sin(Â∆) sin((1−Â)∆)

Â(1−Â)

+ α2 sin2 2θ12 cos2 θ23
sin2(Â∆)

Â2
, (18)

where in eq. (18) “+” stands for neutrinos and “−” for anti-neutrinos. The most important
feature of eq. (18) is that all interesting effects in the νe → νµ transition depend crucially
on θ13. The size of sin2 2θ13 determines thus if the total transition rate, matter effects,
effects due to the sign of ∆m2

31 and CP violating effects are measurable. One of the most
important questions for future LBL experiments is therefore how far experiments can push
the θ13 limit below the current CHOOZ bound of approximately sin2 2θ13 < 0.1.

Before we discuss further important features of eqs. (17) and (18) in more detail we would
like to comment once more on the underlying assumptions and the reliability of these equa-
tions. First eqs. (17) and (18) are an expansion in terms of the small quantities α and
sin 2θ13. Higher order terms are suppressed at least by another power of one of these small
parameters and these corrections are thus typically at the percent level. The matter cor-
rections in eqs. (17) and (18) are derived for constant average matter density. Numerical
test have shown that this approximation works quite well as long as the matter profile is
reasonably smooth. A number of very interesting effects existing in general non-constant
matter distributions are therefore only small theoretical uncertainties. An example is given
by asymmetric matter profiles, which lead to interesting T-violating effects [52], but this
does not play a role here since the Earth is sufficiently symmetric.

Note that all results which will be shown later are based on numerical simulations of the full
problem in matter. These results do therefore not depend on any approximation. Eqs. (17)
and (18) will only be used to understand the problem analytically, which is extremely helpful
in order to oversee the six (or more) dimensional parameter space. The full numerical
analysis and eqs. (17) and (18) depend, however, on the assumption of a standard three
neutrino scenario. It is thus assumed that the LSND signal [53] will not be confirmed by
the MiniBooNE experiment [54]. Neutrinos could in principle decay, which would make the
analysis much more involved. It is assumed in this article that neutrinos are stable, and a
combined treatment of oscillation and decay [55] would be much more involved. Neutrinos
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(1−Â)2

± sin δ · sin 2θ13 α sin 2θ12 cos θ13 sin 2θ23 sin(∆)
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+ α2 sin2 2θ12 cos2 θ23
sin2(Â∆)
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Note that all results which will be shown later are based on numerical simulations of the full
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and (18) will only be used to understand the problem analytically, which is extremely helpful
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to the probabilities for flavour transitions νfl
→ νfm given by

P (νfl
→ νfm) = δlm − 4

∑
i>j

ReJflfm

ij sin2 ∆ij

︸ ︷︷ ︸
PCP

−2
∑
i>j

ImJflfm

ij sin 2∆ij

︸ ︷︷ ︸
PCP

(2)

where the shorthands Jflfm

ij := UliU∗
ljU

∗
miUmj and ∆ij :=

∆m2

ijL

4E
have been used. These

generalized vacuum transition probabilities depend on all combinations of quadratic mass
differences ∆m2

ij = m2
i − m2

j as well as on different products of elements of the leptonic
mixing matrix U .

We will assume for the rest of this article a three neutrino framework which can easily be
generalized to more neutrinos if necessary. We have thus 1 ≤ i, j ≤ 3 and U simplifies to
the 3 × 3 mixing matrix

U =


 c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


 , (3)

which contains three leptonic mixing angles and one Dirac-like leptonic CP phase δ. Note
that the most general mixing matrix for three Majorana neutrinos contains two further
Majorana-like CP phases. However, it can easily be seen that these two extra diagonal
Majorana phases do not enter in the above oscillation formulae and therefore we can omit
them safely. Three neutrino oscillations depend thus in general only on the three mixing
angles and one CP-phase. Disappearance probabilities, i.e. the transitions νfl

→ νfl
, do not

even depend on this CP-phase, since Jflfl
ij is only a function of the modulus of elements of U .

Appearance probabilities, like νe → νµ are therefore the place where leptonic CP violation
can be studied.

From eq. (2) the oscillation probabilities for neutrinos are P (νfl
→ νfm) = PCP + PCP and

for anti-neutrinos P (νfl
→ νfm) = PCP − PCP. Eq. (2) has thus a CP conserving part PCP,

and a CP violating part PCP, and both terms depend on the CP phase δ. An extraction
strategy for CP-violation seems thus given by looking at the CP asymmetries [40]

aCP :=
P (νfl

→ νfm) − P (νfl
→ νfm)

P (νfl
→ νfm) + P (νfl

→ νfm)
=

PCP

PCP

. (4)

Note, however, that the beams of a LBL experiment traverse the Earth on a certain path
and the presence of matter violates by itself CP, which modifies eq. (2) and which makes a
measurement of leptonic CP violation more involved. The above general oscillation formulae
in vacuum, eq. (2), lead to well known, but rather lengthy trigonometric expressions for
the oscillation probabilities in vacuum. These expressions become even longer and do not
exist in closed form when arbitrary matter corrections are taken into account. However, the
problem simplifies somewhat under the assumption of a spherically symmetric Earth matter
distribution [41] as shown in fig. 3 as function of the Earth radius. There is a one to one
correspondence between the baseline L and the angle under which the beam must enter the
Earth at the source. Some examples are given in table 1 and obviously large L corresponds to
steep angles, resulting in technological and environmental challenges. Matter effects depend
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A search for leptonic CP violation can be performed running the Beta Beam with 
18Ne and 6He, and fitting the number of muon-like events to the p(Ve + vp) and to the 
p(Ve + V p  ) probabilities. The fit can provide the simultaneous determination of 013 and 
6, see fig. 3. 

Event rates are summarized in Table 1. The region of 99% CL sensitivity to maximal 
CP violation (6 = 90") in the 6rn:2 and 013 parameter space, following the convention 
of [25], is plotted in Fig. 5. 

The 3 0  sensitivity to 6, having fixed 6mT2 = 7.1 eV2, is shown in Fig. 6. 

3 5  Synergies between the SPL-SuperBeam and the Beta Beam 

The Beta Beam needs the SPL as injector, but consumes at most - 10% of the SPL 
protons. The fact that the average neutrino energies of both the SuperBeam and the Beta 
Beam are below 0.5 GeV (cfr. fig. 2), with the Beta Beam being tunable, offers the 
fascinating possibility of exposing the same detector to 2 x 2 beams (v,and V p  x Ve and 
Ve) having access to CP, T and CPT searches in the same run. 

It is evident that the combination of the two beams would not result only in an 
increase in the statistics of the experiment, but it would also offer clear advantages in the 
reduction of the systematic errors, and it would offer the necessary redundancy to finnly 
establish any effect of violation of CP within the reach of the experiment. 

The CP violation sensitivities of the combined BetaBeam and SPL-SB experiments 
are shown in Fig. 5 and Fig. 6. 

- 

45

Downloaded 13 Sep 2005 to 130.132.248.2. Redistribution subject to AIP license or copyright, see http://proceedings.aip.org/proceedings/cpcr.jsp

B
ou

ch
ez

,L
in

d
ro

os
,M

ez
ze

tt
o 

(2
0

0
3

)



Physics reach
e.g. full expression for P (νe → νµ)
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where in eq. (18) “+” stands for neutrinos and “−” for anti-neutrinos. The most important
feature of eq. (18) is that all interesting effects in the νe → νµ transition depend crucially
on θ13. The size of sin2 2θ13 determines thus if the total transition rate, matter effects,
effects due to the sign of ∆m2

31 and CP violating effects are measurable. One of the most
important questions for future LBL experiments is therefore how far experiments can push
the θ13 limit below the current CHOOZ bound of approximately sin2 2θ13 < 0.1.

Before we discuss further important features of eqs. (17) and (18) in more detail we would
like to comment once more on the underlying assumptions and the reliability of these equa-
tions. First eqs. (17) and (18) are an expansion in terms of the small quantities α and
sin 2θ13. Higher order terms are suppressed at least by another power of one of these small
parameters and these corrections are thus typically at the percent level. The matter cor-
rections in eqs. (17) and (18) are derived for constant average matter density. Numerical
test have shown that this approximation works quite well as long as the matter profile is
reasonably smooth. A number of very interesting effects existing in general non-constant
matter distributions are therefore only small theoretical uncertainties. An example is given
by asymmetric matter profiles, which lead to interesting T-violating effects [52], but this
does not play a role here since the Earth is sufficiently symmetric.

Note that all results which will be shown later are based on numerical simulations of the full
problem in matter. These results do therefore not depend on any approximation. Eqs. (17)
and (18) will only be used to understand the problem analytically, which is extremely helpful
in order to oversee the six (or more) dimensional parameter space. The full numerical
analysis and eqs. (17) and (18) depend, however, on the assumption of a standard three
neutrino scenario. It is thus assumed that the LSND signal [53] will not be confirmed by
the MiniBooNE experiment [54]. Neutrinos could in principle decay, which would make the
analysis much more involved. It is assumed in this article that neutrinos are stable, and a
combined treatment of oscillation and decay [55] would be much more involved. Neutrinos
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The net effect of the sign $m2 ambiguity is to make undetectable sign(" sign $m2 ).
This derives by the negligible matter effects at the 130 km, so that a change of

sign $m2 is equivalent to a change of the sign of " . The performances of the BetaBeam

to the two opposite values of sign(" sign $m2 ) are different because the neutrino and

antineutrino runs have different statistics and backgrounds. This effect will be illustrated

in fig. 5 and fig. 6.

Finally the !23 % 2 !23 ambiguity is formally taken into account, but no effect

is found because the BetaBeam performances are computed for the central value of Su-

perKamiokande: !23 45 . A study of the performances of the BetaBeam for different

values of !23 is beyond the purpose of this article.

We stress the fact that an experiment working at very short baselines has the smallest

possible parameter degeneracies and ambiguities and it is the cleanest possible environ-
ment where to look for genuine leptonic CP violation effects.

3.4. !13 " sensitivities

The !13 angle can be independently explored both with &eand &edisappearance mea-

surements. We note that the comparison of the &eand &edisappearance experiments could

set limits to CPT violation effects. Sensitivities to !13 , computed for a 5 yr run and for

systematic errors equal to 2%, 1% and 0.5% are shown Fig. 4left). For comparison sake,

shown in the same plot are the sensitivities reachable with the appearance channels,
computed for " 0.

Indeed !13 and " are so tightly coupled in the appearance channels that the sensitivity

expressed for " 0 is purely indicative. A better understanding of the sensitivity of

the BetaBeam is expressed in the !13 " plane, having fixed all the other parameters

("m2
23 2 5 10 3 eV2), as shown in Fig. 4right). In the same plot the sensitivity of the

SPL-SB computed for a 5 yrs &µ run is displayed . It can be noted the very large variation

of the SPL-SB sensitivity for the different values of " , characteristic of the single flavour

run. The BetaBeam, having both CP neutrino states in the same run, exhibits a much
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Physics reach
e.g. full expression for P (νe → νµ)

Â = A/∆m2
31 = 2V E/∆m2

31, where V =
√

2GFne. Using ∆ ≡ ∆31, the leading terms in
this expansion are, for example, for P (νµ → νµ) and P (νe → νµ) [49, 50, 51]

P (νµ → νµ) ≈
1 − cos2 θ13 sin2 2θ23 sin2 ∆ + 2 α cos2 θ13 cos2 θ12 sin2 2θ23∆ cos ∆, (17)

P (νe → νµ) ≈ sin2 2θ13 sin2 θ23
sin2((1−Â)∆)

(1−Â)2

± sin δ · sin 2θ13 α sin 2θ12 cos θ13 sin 2θ23 sin(∆)
sin(Â∆) sin((1−Â)∆)

Â(1−Â)

+ cos δ · sin 2θ13 α sin 2θ12 cos θ13 sin 2θ23 cos(∆)
sin(Â∆) sin((1−Â)∆)

Â(1−Â)

+ α2 sin2 2θ12 cos2 θ23
sin2(Â∆)

Â2
, (18)

where in eq. (18) “+” stands for neutrinos and “−” for anti-neutrinos. The most important
feature of eq. (18) is that all interesting effects in the νe → νµ transition depend crucially
on θ13. The size of sin2 2θ13 determines thus if the total transition rate, matter effects,
effects due to the sign of ∆m2

31 and CP violating effects are measurable. One of the most
important questions for future LBL experiments is therefore how far experiments can push
the θ13 limit below the current CHOOZ bound of approximately sin2 2θ13 < 0.1.

Before we discuss further important features of eqs. (17) and (18) in more detail we would
like to comment once more on the underlying assumptions and the reliability of these equa-
tions. First eqs. (17) and (18) are an expansion in terms of the small quantities α and
sin 2θ13. Higher order terms are suppressed at least by another power of one of these small
parameters and these corrections are thus typically at the percent level. The matter cor-
rections in eqs. (17) and (18) are derived for constant average matter density. Numerical
test have shown that this approximation works quite well as long as the matter profile is
reasonably smooth. A number of very interesting effects existing in general non-constant
matter distributions are therefore only small theoretical uncertainties. An example is given
by asymmetric matter profiles, which lead to interesting T-violating effects [52], but this
does not play a role here since the Earth is sufficiently symmetric.

Note that all results which will be shown later are based on numerical simulations of the full
problem in matter. These results do therefore not depend on any approximation. Eqs. (17)
and (18) will only be used to understand the problem analytically, which is extremely helpful
in order to oversee the six (or more) dimensional parameter space. The full numerical
analysis and eqs. (17) and (18) depend, however, on the assumption of a standard three
neutrino scenario. It is thus assumed that the LSND signal [53] will not be confirmed by
the MiniBooNE experiment [54]. Neutrinos could in principle decay, which would make the
analysis much more involved. It is assumed in this article that neutrinos are stable, and a
combined treatment of oscillation and decay [55] would be much more involved. Neutrinos
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On Politics and Finance

• “if                , we’d better know it soon and 
cheap, go step by step’’

• “a     factory would be the most expensive 
hep project after the LHC, a superbeam is 
very expensive”

• “a     -beam is of interest also for the nuclear 
physics people”

β

ν

θ13 ! 0



1.?

2.energy tunability?

3.off-axis beta beam?

4.what exactly is of interest to nuclear?

Discussion...



Neutrino mixings
18 A. Cervera et al. / Nuclear Physics B 579 (2000) 17–55

Let U , with (νe,νµ,ντ )
T = U · (ν1,ν2,ν3)

T, be the leptonic Cabibbo–Kobayashi–

Maskawa (CKM) matrix in its most conventional parametrization [18,19]: 8

U ≡ U23U13U12

≡
1 0 0

0 c23 s23
0 −s23 c23

 c13 0 s13e
iδ

0 1 0

−s13e
−iδ 0 c13

 c12 s12 0

−s12 c12 0

0 0 1

 (1)

with s12 ≡ sin θ12, and similarly for the other sines and cosines. Oscillation experiments

are sensitive to the neutrino mass differences and the four parameters in the mixing matrix

of Eq. (1): three angles and the Dirac CP-odd phase.

The Super-Kamiokande [1,2] data on atmospheric neutrinos are interpreted as oscilla-

tions of muon neutrinos into neutrinos that are not νe’s, with a mass gap that we denote
9 by

%m2
23. Roughly speaking, the measured mixing angle θ23 is close to maximal and |%m2

23|
is in the range 10−3−10−2 eV2. The solar neutrino deficit is interpreted either as MSW
(matter enhanced) oscillations [16,17] or as vacuum oscillations (VO) [15] that deplete

the original νe’s, presumably in favour of νµ’s or alternatively into sterile neutrinos. The

corresponding squared mass differences — O(10−5−10−4) eV2 for the large mixing an-
gle MSW solution (LMA–MSW),O(10−6) eV2 for the small mixing angle MSW solution

(SMA–MSW), orO(10−10) eV2 for VO— are significantly below the range deduced from

atmospheric observations. We identify this mass difference with%m2
12 in this parametriza-

tion. Its sign is constrained by solar data: while the SMA–MSW solution exists only for

positive %m2
12, in the LMA–MSW range there is also a small window at negative values

[20].

These oscillation signals will be confirmed and further constrained in ongoing and

planned atmospheric, solar and long baseline reactor experiments [21–25], as well as in

future long baseline accelerator neutrino experiments [26,27]. In a few years they will

answer the question of sterile neutrinos contributing or not to present data. The MSW

effect is expected to play a major role in explaining the solar deficit and both solar and

reactor experiments will also clarify whether Nature has chosen the LMA–MSW rather

than SMA–MSW or VO solutions.

The atmospheric neutrino parameters will be known with better precision as well.

Experimental information relevant for a more precise knowledge of the atmospheric

neutrino fluxes will be available [28–30]. Also, projected long baseline accelerator

experiments will improve the precision of |%m2
23| and θ23. For instance, |%m2

23| is
expected to bemeasured at MINOSwith an accuracy below 10% if |%m2

23| > 3×10−3 eV2
[31].

Nevertheless, there is a strong case for going further in the fundamental quest of the

neutrino masses and mixing angles, as a necessary step to unravel the fundamental new

scale(s) behind neutrino oscillations. In ten years from now no significant improvement is

expected in the knowledge of:

8 Notice, though, that our convention for the sign of δ is opposite to the one used in Ref. [19].
9 %m2ij ≡ m2j − m2i throughout the paper.
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Figure 5: Possible neutrino spectra: (a) normal (b) inverted.

than MZ/2 have been excluded by LEP) everything works in the same way: triplet exchange
generates the Majorana mass operator, (LH)2.

2.3 Extra scalar triplet

We have seen how neutrino masses can be obtained adding new fermionic (‘matter’) fields. Al-
ternatively, one can add one scalar (‘Higgs’) triplet T with appropriate hypercharge, such that
the most generic renormalizable Lagrangian is

L = LSM + |DµT |2 − M2
T |T |2 + (λij

T LiLjT + m HHT ∗ + h.c.)

where λT is a symmetric flavour matrix. Integrating out the heavy triplet generates the Majorana
neutrino masses operator (LH)2 (see fig. 4b) inducing neutrino masses mij

ν = −2λij
T m/M2

T . A
smaller number of unknown flavour parameters are needed to describe one extra scalar triplet
than the extra fermion scalars or triplets.

To conclude, we discuss how these possible sources of neutrino masses are consistent with
plausible extensions of the SM: gauge unification, supersymmetry and thermal leptogenesis.

SU(5) and SO(10) gauge unification allow to understand the charges of the observed fermions
and suggest a new ‘unification’ scale of about 1016 GeV, between ΛL and the Planck scale. Ac-
cording to this theoretical framework the most attractive way of generating neutrino masses is
adding one right-handed neutrino per family: it is predicted by SO(10), it does not affect running
of gauge coupling constants and its decays can generate the observed baryon abundancy (sec-
tion 11.3). Certain unification models naturally accomodate scalar triplets, while fermion triplets
seem more problematic from this point of view.

Furthermore, all three possibilities are compatible with supersymmetry. Singlet and triplet
fermions can be straighforwardly promoted to superfields. As well known the SM scalar Higgs
must be extended to two Higgs superfields Hd and Hu with opposite gauge charges. Likewise, the
scalar triplet T must be extended to two triplet superfields T and T̄ with opposite gauge charges.
In the relevant superpotential

W = WSM + λij
T LiLjT + MT T T̄ + λdHdHdT + λuHuHuT̄

T̄ does not couple to leptons and neutrino masses are obtained as mij
ν = 2v2

uλ
ij
T λu/MT .

Finally, all scenarios allow succesfull thermal leptogenesis (section 11.3).
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