
Exercise 1 (August 16th, 2006)

• Show that the L/E dependence of the 2 flavor Oscillation probability is given 
by

• hints : the left-hand side of the above equation is presented in the natural 
unit. Use                                        to get the units back. 

sin2(
∆m2L

4E
) = sin2(

1.27∆m2(eV2)L(km)

E(GeV)
)

h̄c = 197MeVfm



Superbeam, Beta Beam, and Neutrino Factory (2)

Yoshitaka Kuno
Osaka University

Second Lecture

61st Scottish Summer School in Physics
17 August, 2006



Outline of the Second Lecture

• What Is A Neutrino Factory ?

• Eight-fold Degeneracies

• Neutrino Factory : Sensitivity and Optimization

• Beta Beam

• Summary



Neutrino Factory



Neutrinos from Pion Decay and Muon Decay

• Pion-decay based neutrino beam

• prompt decays

• backgrounds

• Beam normalization ~ 10%

• Muon-decay based Neutrino 
beam

• delayed decay after all pions 
and kaons decay.

• Less beam backgrounds

• Beam normalization can be 
better known.

€ 

π + → µ+ν µ

π− → µ−ν µ

€ 

K → µν,K→πlν
µ → eνν 
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Pµ = 0

Neutrinos from Muon 
Decay

• Single (almost 100%) decay 
mode

• Well defined kinematics

€ 

µ+ → e+νeν µ

µ− → e−ν eν µ

  

dN(νµ )
dxd cosθCM

= 2x2 (3 − 2x) m Pµ (1− 2x)cosθCM[ ]
dN(νe)

dxd cosθCM

= 6x2 (1− x) m Pµ (1 − 2x)cosθCM[ ]

x =
Eν
Emax

,  where Emax = mµ / 2



Accelerate to Get 
More Neutrinos !

• Given the proton beam power, 
numbers of pions and muons 
are similar.

• Acceleration of the parent 
particles gives more neutrinos 
by Lorentz boosting.

• Pion has too short lifetime.

• Only muon live long enough to 
accelerate.

€ 

N ∝ E 2

  

€ 

d2Nν µ ,ν µ

dydΩ
=

4nµ

πL2mµ
6 Eµ

4y2 (1−β cosϕ)

  × [ 3mµ
2 − 4Eµ

2y(1−β cosϕ{ }
               m Pµ mµ

2 − 4Eµ
2y(1− βcosϕ){ }]

d2Nν e ,ν e

dydΩ
=

24nµ

πL2mµ
6 Eµ

4y2 (1−β cosϕ)

  × [ mµ
2 −2Eµ

2y(1−β cosϕ{ }
               m Pµ mµ

2 − 2Eµ
2y(1− βcosϕ){ }]

y = Eν
Eµ

; β = 1−mµ
2 / Eµ2 ; nµ =#of muons;

ϕ = angle between beam and detector;  L = distance
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Exercise 1

• If a muon is polarized, neutrino 
spectra changes. The right figures 
show the energy spectra of muon 
neutrino and electron neutrino (not 
shown whether they are neutrino or 
anti-neutrino). Here, P=+1 (P=-1) 
implies that the direction of neutrino 
and the direction of the muon 
polarization is the same (opposite), 
Show whether this is the case of a 
positive muon or a negative muon ?

The number of ν and ν̄ CC events per incident neutrino observed in an isoscalar target is

given by:

N(ν + N → "− + X) = 4.0 × 10−15 × Eν(GeV) events per g/cm2, (8)

N(ν + N → "+ + X) = 2.0 × 10−15 × Eν(GeV) events per g/cm2. (9)

Using this simple form for the energy dependence of the cross section, the predicted energy

distributions for νe and νµ interacting in a far detector (cos θ = 1) at a Neutrino Factory

are shown in Fig. 9. The interacting νµ energy distribution is compared in Fig. 10 with the

corresponding distribution arising from the high–energy NUMI [35] wide-band beam. Note

that neutrino beams from a Neutrino Factory have no high energy tail, and in that sense

can be considered narrow-band beams. In practice, CC interactions can only be cleanly
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FIG. 9: Charged current event spectra at a far detector. The solid lines indicate zero polarization,

the dotted lines indicate polarization of ±0.3 and the dashed lines indicate full polarization. The

P = 1 case for electron neutrinos results in no events and is hidden by the x axis.

identified when the final state lepton exceeds a threshold energy. The calculated final state

lepton distributions are shown in Fig. 11. Integrating over the energy distribution, the total
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Storage Ring is 
Needed !

• Muons accelerated at high 
energy do not decay quickly !
• at 10 GeV, muon lifetime is 

about 200 microseconds.
• A storage ring is needed with 

long straight sections.
• Two straight sections give 

automatically two 
experiments (with different 
baselines) at a time.

At 50 GeV, γ=500 and 
beam spread is 2 mrad. (At 100m, 

+-20cm beam size.)

€ 

θ ∝
1
γ

N ∝γ 2



Neutrino Cross 
Sections

• Deep Inelastic Scattering 
Processes at High Energy.

• Quasi Elastic Scattering 
Processes at 1 GeV

ν µ + N → µ + X

€ 

σ(ν ) ≈ 0.67 ×10−38cm2 × Eν (GeV )
σ(ν ) ≈ 0.34 ×10−38cm2 × Eν (GeV )

€ 

σ(ν ) /σ (ν ) ≈ 0.5

€ 

νµ + N → µ + N '

σ(ν ) /σ (ν ) ≈1



Lepton Spectra from 
CC events

• neutrino CC events

• different for neutrinos and 
antineutrinos

• low energy region is important 
for neutrino events (not 
antineutrino events.)

ν (ν ) + N→ l −(l+) + X



Advantages of Neutrino Factory

• Very highly intense neutrino source

• a few orders of magnitude higher 
at a few 10 GeV energy range.

• Both muon (anti-)neutrinos and 
electron (anti-)neutrinos are 
available.

• Many variety of oscillation 
modes can be studied.

• Extremely low backgrounds

• for wrong signed muon 
detection, a background level 
would be less than 10-4.

• Precise Knowledge on Neutrino 
Flux

• Neutrino flux normalization can 
be done at the level of 0.1%.



12 Oscillation Processes in a Neutrino Factory

12 Oscillation Processes from (simultaneous) beams of 
positive and negative muons in a neutrino Factory.

2.5.1 Oscillations physics at the Neutrino Factory

Considering a Neutrino Factory with simultaneous beams of positive and negative muons, 12 oscilla-

tion processes can in principle be studied, Table 6.

Table 6: Oscillation processes in a Neutrino Factory

µ+ → e+νeνµ µ− → e−νe

νµ → νµ νµ → νµ disappearance

νµ → νe νµ → νe appearance (challenging)

νµ → ντ νµ → ντ appearance (atm. oscillation)

νe → νe νe → νe disappearance

νe → νµ νe → νµ appearance: “golden” channel

νe → ντ νe → ντ appearance: “silver” channel

Of course the neutrinos coming from decays of muons of different charge must no be confused

with each other, this can be done by timing provided the storage ring is adequately designed.

One of the most striking features of the Neutrino Factory is the precision with which the char-

acteristics of all components of the beam could be known. This was studied extensively in a CERN

Report [160], where the following effects were considered

• beam polarization effects, and its measurement by a polarimeter, allowing extraction of the

beam energy, energy spread and verification that the polarization effects on the neutrino fluxes

average out to zero with high precision;

• beam divergence effects, with the preliminary, conceptual study of a Čerenkov device to monitor
the angular distribution of muons in the beam [161]

• radiative effects in muon decay;

• absolute normalization to be obtained both from a beam monitor, with the added possibility of
an absolute cross-section normalization using the inverse muon decay reaction, νµe− → µ−νe,

in the near detector;

with the conclusion that, in principle, a normalization of fluxes and cross-sections with a precision of

10−3 can be contemplated. Some of these features should also be present for a BetaBeam, and for any

facility in which a stored beam of well defined optical properties is used to produce neutrinos. This is

an essential difference with respect to the SuperBeams, where the knowledge of relative neutrino-vs-

antineutrino cross-sections and fluxes will rely on the understanding of the initial particle production.

The Neutrino Factory lends itself naturally to the exploration of neutrino oscillations between

ν flavors with high sensitivity. The detector should be able to perform both appearance and disap-

pearance experiments, providing lepton identification and charge discrimination which is a tag for

the initial flavor and of the oscillation. In particular the search for νe → νµ transitions (“golden

channel”) [162] appears to be very attractive at the Neutrino Factory, because this transition can be

studied in appearance mode looking for µ− (appearance of wrong-sign µ) in neutrino beams where
the neutrino type that is searched for is totally absent (µ+ beam in νF).

The emphasis has been placed so far on small mixing angles and small mass differences. With

two 40 kton magnetic detectors (MINOS like) at 700 (or 7000) and 3000 km, with a conservative high

22
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Event Rates

• Charged Current (CC) Event Rates

• example 
• 1021 muons decay /year with a 

10 kton detector

• Oscillation Event Rates

L＝１０００km L＝１５００km
Eµ=20 GeV 3.2x105 1.4x105

Eµ=30 GeV 1.1x106 4.8x105

MINOS (low energy 3GeV, 732 km)  : 5000 CC events/10 kton/year

NCC(ν! → ") ∝ Nν · σ

∝

E2

L2
· E =

E3

L2

Nosc(ν! → "
′)

∝ Nν · σ · P (ν! → ν!′)

∝

E3

L2
·

L2

E2
= E



Neutrino Oscillation 
Signature at NuFact

• The signature of neutrino 
oscillation is wrong-signed 
leptons.

• Charge identification of the 
lepton(s) is needed.

• Muons are easy.

• Electrons are difficult.

µ− → e−  ν e ν µ

€ 

ν µ

µ−

µ+

oscillation

µ+ → e+  ν e  ν µ

ν µ

µ+

µ−

oscillation



Neutrino Oscillation 
Signature at NuFact

• The signature of neutrino 
oscillation is wrong-signed 
leptons.

• Charge identification of the 
lepton(s) is needed.

• Muons are easy.

• Electrons are difficult.

µ− → e−  ν e ν µ

€ 

ν µ

µ−

µ+

oscillation

µ+ → e+  ν e  ν µ

ν µ

µ+

µ−

oscillation

Look for wrong 
signed Muons.



Ratio of Wrong Sign 
Muon Events

• Wrong sign muons are clean 
signals. 

• Background level for wrong 
sign muons would be 10-4.

• The matter effect enhance anti-
neutrino events if                    , 
and it enhance neutrino events 
if                  .

• The band shows CP violation 
effect where the phase 
changes .

20 GeV Neutrino Factory, 4 MeV threshold.
Two lines are for two mass hierarchy. The 
statistical error represents the sample of 1021 
muon decays with a 50 kton detector.

∆m
2

32 < 0

∆m
2

32 > 0



FIG. 20: (Color) Predicted measured energy distributions for CC events tagged by a wrong-sign

(negative) muon from νe → νµ oscillations (no cuts or backgrounds), shown for various δm2
32,

as labeled. The predictions correspond to 2 × 1020 decays, Eµ = 30 GeV, L = 2800 km, and a

representative set of values for δm2
12, sin2 2θ13, sin2 2θ23, sin2 2θ12, and δ. Results are from Ref. [45].

are stored in the Neutrino Factory than when negative muons are stored. On the other

hand, if δm2
32 < 0 we would expect to observe a higher wrong–sign muon event rate and

a softer associated spectrum when positive muons are stored in the Neutrino Factory than

when negative muons are stored. Hence, measuring the differential spectra when positive

and negative muons are alternately stored in the Neutrino Factory can both enable the sign

of δm2
32 to be unambiguously determined [45], and also provide a measurement of δm2

32 and

a consistency check between the behavior of the rates and energy distributions.

2. Other Channels

In practice, to measure θ13, determine the mass hierarchy, and search for CP violation,

the analysis of the wrong-sign muon rates must be performed allowing all of the oscillation

parameters to simultaneously vary within their uncertainties. Since the relationship between

the measured quantities and the underlying mixing parameters is complicated, with a min-

38

FIG. 21: (Color) Same as in Fig. 20, for CC events tagged by a wrong-sign (positive) muon from

ν̄e → ν̄µ oscillations.

imal set of measurements it may not be possible to identify a unique region of parameter

space consistent with the data. For Superbeams a detailed discussion of this problem can

be found in Refs. [46, 47, 48, 49, 50, 51]. To understand the nature of the challenge, Fig. 22

shows, as a function of θ13, θ23, δ and the assumed mass hierarchy, the predicted number of

wrong–sign muon events when negative muons are stored in the Neutrino Factory, versus the

corresponding rate when positive muons are stored. The example is for a 16 GeV Neutrino

Factory with a baseline of 2000 km, and 10 years of data taking with a 100 kton detector

and 2 × 1020 µ+ and 2 × 1020 µ− decays in the beam-forming straight section per year.

The ellipses show how the predicted rates vary as the CP phase δ varies. All of the CP

conserving points (δ = 0 and π) lie on the diagonal lines. Varying the mixing angles moves

the ellipses up and down the lines. Varying the mass hierarchy moves the family of ellipses

from one diagonal line to the other. Note that the statistics are large, and the statistical

errors would be barely visible if plotted on this figure. Given these statistical errors, for the

parameter region illustrated by the figure, determining the mass hierarchy (which diagonal

line is the measured point closest to) will be straightforward. Determining whether there is

CP violation in the lepton sector will amount to determining whether the measured point

39

Wrong Sign Muon Event 
Spectra

2E20 decays, Emu=30GeV, 
L=2800 km



• Measuring (θ13, δ) in Appearance Channels (DeRujula99, Cervera00)

νe → νµ (νµ → νe) Appearance (Golden) Channel (i.e. BB, SB, NF)

P±
νeνµ

(θ13, δ) ≈ X± sin2 2 θ13 +
“
Y c
± cos δ ∓ Y s

± sin δ
”

sin 2 θ13 + Z

with X±, Y c
±, Y s

± and Z functions of the known parameters:
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where ∆ij = ∆m2
ij/2E, B∓ = |A∓∆23| and A is the matter parameter.

Goals of Neutrino Oscillation Physics 
(at Neutrino Factory and Superbeams)

Mass Hierarchy

θ13Search for 

δ

Discovery of Leptonic 
 CP Violation

These effects 
are strongly 
correlated.

Daruma



Degeneracies



• Measuring (θ13, δ) in Appearance Channels (DeRujula99, Cervera00)
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where ∆ij = ∆m2
ij/2E, B∓ = |A∓∆23| and A is the matter parameter.

νe → νµ (ν̄e → ν̄µ)Oscillation + for neutrino,− for antineutrino

Golden Appearance Channel in Neutrino Factory

from S. Rigolin, NuFACT05



Degeneracies of                   (1)      
- Just One Counting Measurement

δ and θ13

• With neutrino oscillation of given L/
E, for the true value set of 
(             ), another set of (           ) 
would give the same oscillation 
probability.

• no sensitivity to 

• large uncertainty in 

δ, θ13

δ

θ13

• Degeneracies in (θ13, δ) Measure: INTRINSIC CLONE (Burguet01)

– At a given experiment (L, Eν) measure P+(θ13, δ); How many
solutions (θ13, δ) give the same probability as the TRUE (θ̄13, δ̄) ?

P+(θ̄13, δ̄) = P+(θ13, δ)

!2 !1 0 1 2
!"13

!180

!90

0

90

180

!CP

True Value

Correlation

INFINITE number of DEGENERACIES

NB: Counting exp that measure only neutrinos has no sensitivity to δ !!

from S. Rigolin, NuFACT05

δ̄, θ̄13

Intrinsic 
Degeneracy



• Measuring (θ13, δ) in Appearance Channels (DeRujula99, Cervera00)

νe → νµ (νµ → νe) Appearance (Golden) Channel (i.e. BB, SB, NF)
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where ∆ij = ∆m2
ij/2E, B∓ = |A∓∆23| and A is the matter parameter.

νe → νµ (ν̄e → ν̄µ)Oscillation + for neutrino,− for antineutrino

Appearance Oscillation Channels

from S. Rigolin, NuFACT05from S. Rigolin, NuFACT05



Degeneracies of                   (2)      
- Compare Neutrinos and Anti-Neutrinos

δ and θ13

• We have the same measurements 
for neutrino (      ) and anti-neutrinos 
(      ).

• Two solutions to give the same 
oscillation probabilities.

• one is the true, and the other is 
clone.

• We need more INFORMATIONS for solving the parameter degeneracy;

– Suppose to measure at the SAME EXPERIMENT both P±(θ13, δ);
how many pairs (θ13, δ) give the same probabilities as (θ̄13, δ̄) ?

P+(θ̄13, δ̄) = P+(θ13, δ)

P−(θ̄13, δ̄) = P−(θ13, δ)

!2 !1 0 1 2
!"13

!180

!90

0

90

180

!CP

Clone�Solution

True Value

TWO: TRUE SOLUTION + INTRINSIC CLONE

P+

P
−

from S. Rigolin, NuFACT05

Pν̄eν̄µ
= Pνeνµ

(δ → −δ, A → −A)



Degeneracies of                   (3)      
- Compare Different L/E

δ and θ13

• We have the same measurements 
for neutrino (      ) and anti-neutrinos 
(      ) for either

• two counting experiments at two 
different L/E values, or

• binning the energy spectra 
(where each energy bin 
corresponds to different 
experiments).

P+

P
−

• Not enough: We still need MORE INFORMATIONS → 1st WAY

! Using DIFFERENT “EXPERIMENTS” (same “channel”):

– Sending the same ν beam to different BASELINES L;

– Binning in the neutrino energy E (each bin equivalent to 1 EXP);

!2 !1 0 1 2
!"13

!180

!90

0

90

180

!CP

True Value

Clone�Solutions

Different L/E → Solve the Degeneracyfrom S. Rigolin, NuFACT05



• Besides                   , the following values are not known.

More Degeneracies - Eight-fold !

δ and θ13

• Degeneracies in (θ13, δ) Measure: EIGHTFOLD DEGENERACY

Besides θ13 and δ other two (discrete) quantities will be unknown in
5-10 years at the time of next generation neutrino experiments:

– The SIGN of the ATM mass difference satm = sign(∆m2
23)

– The OCTANT of the ATM angle soct = sign(tan 2θ23)

Consequently, for taking into account ALL OUR IGNORANCE on
the neutrino masses and mixings one has to make a simultaneous fit to
these 4 parameters, i.e. to solve the following equation:

N±
i (θ̄13, δ̄; s̄atm, s̄oct)︸ ︷︷ ︸

“true parameters”

= N±
i (θ13, δ; satm, soct)︸ ︷︷ ︸

“guessed parameters”

from S. Rigolin, NuFACT05

∆m
2

23 → −∆m
2

23 θ23 →

π

2
− θ23



Eight-fold Degeneracy

Eight-fold 
Degeneracy

One has to solve ALL the following FOUR systems of equations, each
of them having in general two distinct solutions:

intrinsic degeneracy (Burguet01)

N±i (θ̄13, δ̄; s̄atm, s̄oct) = N±i (θ13, δ; satm = s̄atm, soct = s̄oct)

sign degeneracy (Minakata01)

N±i (θ̄13, δ̄; s̄atm, s̄oct) = N±i (θ13, δ; satm = −s̄atm, soct = s̄oct)

octant degeneracy (Fogli96, Barger01)

N±i (θ̄13, δ̄; s̄atm, s̄oct) = N±i (θ13, δ; satm = s̄atm, soct = −s̄oct)

mixed degeneracy (Barger01)

N±i (θ̄13, δ̄; s̄atm, s̄oct) = N±i (θ13, δ; satm = −s̄atm, soct = −s̄oct)

The Eightfold Degeneracy

NB: Also In Disappearance One Has Clones. No INTRINSIC correlation
between (θ13, δ) but still DISCRETE AMBIGUITIES satm, soct



3.1 The Eightfold Degeneracy at the standard βB

• Measuring (θ13, δ) at β-Beam νe → νµ Appearance Channel

0 2 4 6 8 10
Θ13

"180

"90

0

90

180

∆CP

TRUE

OCTANT

SIGN

MIXED

0 2 4 6 8 10
Θ13

"180

"90

0

90

180

∆CP

TRUE

OCTANT

SIGN

MIXED

(plots from A. Donini et al, hep-ph/0406132)

– Typical βB Appearance fits (90% CL) for θ13 = 2, 8 and δCP = 0, 45,−90.
Backgrounds (see βB table) and Systematics (5%) included;

– Eightfold Degeneracy clearly visible (see for example θ13 = 8 and
δCP = 0); Induce large uncertainties in θ13 (for large θ13) and δCP ;

Sensitivity of θ13 and δ

Example Eight-fold degeneracy

from S. Rigolin, NuFACT05



• Measuring (θ13, δ) in Appearance Channels (Donini02)

νe → ντ Appearance (Silver) Channel (i.e. Nu-Factory ...)

P±
νeντ

(θ13, δ) ≈ Xτ
± sin2 2 θ13 +

“
Y τ,c
± cos δ ∓ Y τ,s

± sin δ
”

sin 2 θ13 + Zτ

with Xτ
± , Y τ,c

± , Y τ,s
± and Zτ functions of the known parameters:

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

Xτ
± = cos2 θ23

 
∆23

B̃∓

!2

sin2

 
B̃∓L

2

!

Y τ,c
± = − Y c

±

Y τ,s
± = − Y s

±

Zτ = sin2 θ23 sin2 2θ12

„
∆12

A

«2

sin2
„

AL

2

«

where ∆ij = ∆m2
ij/2E, B∓ = |A∓∆23| and A is the matter parameter.

νe → ντ (ν̄e → ν̄τ ) Oscillation

Silver Appearance Channel in Neutrino Factory

Pνeντ
= Pνeνµ

(s2

23 → c2

23, sin
2 2θ23 → − sin2 2θ23)



νµ → νe (ν̄µ → ν̄e) Oscillation

Platinum Appearance Channel in Neutrino Factory

•Exercise 

The oscillation probability of the silver channel is given from that of golden 
channel by the following transformation.

Show what transformation would give the oscillation probability of the 
platinum channel from that of the golden channel ?

Pνeντ
= Pνeνµ

(s2

23 → c2

23, sin
2 2θ23 → − sin2 2θ23)



• Not enough: We still need MORE INFORMATIONS → 2nd WAY

! Using DIFFERENT “CHANNELS” (same “experiment”):

– Measuring the νe → νµ GOLDEN Appearance Channel;

– Measuring the νe → ντ SILVER Appearance Channel;

!

!2 !1 0 1 2
!"13

!180

!90

0

90

180

CP

True Value
Clone�Solutions

Golden + Silver → Solve the DegeneracyCombine Golden and 
Platinum Channels

Use different channels to solve 
the degeneracy

golden channel

silver channel



Neutrino Factory 
Sensitivities
And Optimization



limit for 
(sin22θ13)eff

sin22θ13

systematics correlations degeneracies

statistical limit
(all parameters fixed)

limit for sin22θ13 from 
*THIS* experiment only

precise knowledge of some
parameter combination =
precision of the experiment

synergies = combine 
with other experiments 
 gain more than statistics

Comments : Definitions of Sensitivity Plots with 
Systematics, Correlations, degeneracies

a la M. Lindner et al.



Exclusion Sensitivity to  
sin

2
2θ13

T2K

T2K+NOvA

T2HK

5E20 decays
50 kton, 8 years, 
golden mode only

 Huber, Lindner, Winter, hep-ph/0204352



M. Lindner NuFact04 19

.

Exclusion Sensitivity to 
Mass Hierarchy

T2K

NOvA

T2HK

5E20 decays
50 kton, 8 years, 
golden mode only

1E20 decays
10 kton, 5 years, 
golden mode only

 Huber, Lindner, Winter, hep-ph/0204352



• Neutrino Factory overperforms 
for most of the cases, except 
for large                 .

• For large                  , 
systematics dominates. In 
particular, uncertainty of matter 
effects is important.

• Need to study matter density or 
others.

CP Coverage

sin
2
2θ13

sin
2
2θ13



CP (anti-) Coverage for Different 

Sin22θ13=10-1 T2HK and NF 
Comparable

sin
2
2θ13



CP (anti-) Coverage for Different 

Sin22θ13=10-1 T2HK and NF 
Comparable

Sin22θ13=10-3
Synergy between 
T2HK and NF

sin
2
2θ13



CP (anti-) Coverage for Different 

Sin22θ13=10-1 T2HK and NF 
Comparable

Sin22θ13=10-3
Synergy between 
T2HK and NF

Sin22θ13=10-4 NF outperforms

sin
2
2θ13



NuFACT Strategy 
Optimization to Resolve Degeneracies

• Combine with anti-neutrinos 

• Combine with “Silver Channel”

• Combine with “Platinum Channel”

• Use better detectors with high energy resolutions and low threshold.

• Locate the second detector at the magic baseline.

νe → νµ

νµ → νe

Donini, Meloni, Migliozzi, 2002; Autiero et al, 2004.

Lipari, 2002 ; Burguet-Gastell et al. 2001; Barger, 
Mafatia, Whisnant, 2002; Huber, Winter, 2003; others

Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119



• Measuring (θ13, δ) in Appearance Channels (DeRujula99, Cervera00)

νe → νµ (νµ → νe) Appearance (Golden) Channel (i.e. BB, SB, NF)

P±
νeνµ

(θ13, δ) ≈ X± sin2 2 θ13 +
“
Y c
± cos δ ∓ Y s

± sin δ
”

sin 2 θ13 + Z

with X±, Y c
±, Y s

± and Z functions of the known parameters:

8
>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>:

X± = sin2 θ23

 
∆23

B̃∓

!2

sin2

 
B̃∓L

2

!

Y c
± = sin 2θ23 sin 2θ12

∆12

A

∆23

B̃∓
sin

„
A L

2

«
sin

 
B̃∓ L

2

!
cos
“

∆23L
2

”

Y s
± = sin 2θ23 sin 2θ12

∆12

A

∆23

B̃∓
sin

„
A L

2

«
sin

 
B̃∓ L

2

!
sin
“

∆23L
2

”

Z = cos2 θ23 sin2 2θ12

„
∆12

A

«2

sin2
„

AL

2

«

where ∆ij = ∆m2
ij/2E, B∓ = |A∓∆23| and A is the matter parameter.

sin(
AL

2
) = 0 →

√
2GF neL = 2π → L ∼ 7300 − 7600km

Magic Baseline (7300 - 7600 km)



• Measuring (θ13, δ) in Appearance Channels (DeRujula99, Cervera00)

νe → νµ (νµ → νe) Appearance (Golden) Channel (i.e. BB, SB, NF)

P±
νeνµ

(θ13, δ) ≈ X± sin2 2 θ13 +
“
Y c
± cos δ ∓ Y s

± sin δ
”

sin 2 θ13 + Z

with X±, Y c
±, Y s

± and Z functions of the known parameters:
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where ∆ij = ∆m2
ij/2E, B∓ = |A∓∆23| and A is the matter parameter.

sin(
AL

2
) = 0 →

√
2GF neL = 2π → L ∼ 7300 − 7600km

Magic Baseline (7300 - 7600 km)

only this term !



• Measuring (θ13, δ) in Appearance Channels (DeRujula99, Cervera00)

νe → νµ (νµ → νe) Appearance (Golden) Channel (i.e. BB, SB, NF)

P±
νeνµ

(θ13, δ) ≈ X± sin2 2 θ13 +
“
Y c
± cos δ ∓ Y s

± sin δ
”

sin 2 θ13 + Z

with X±, Y c
±, Y s

± and Z functions of the known parameters:
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where ∆ij = ∆m2
ij/2E, B∓ = |A∓∆23| and A is the matter parameter.

sin(
AL

2
) = 0 →

√
2GF neL = 2π → L ∼ 7300 − 7600km

Magic Baseline (7300 - 7600 km)

only this term !

sin
2
2θ13a clean determination of 



Optimization of L/E

• Magic baseline is useful to 
resolve degeneracy.

• L=2000 - 4000 km is good for 
statistics

sin
2
2θ13

Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119



Optimization of L/E
L=3000 - 5000 km for CP 
L>6000 km for mass hierarchy.

Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119

CP Violation Mass Hierarchy

Best Strategy : Two Detectors, one at 4000 km 
and the other at 7500 km (magic baseline).



Add Platinum Channel degeneracy can be resolved for 
large θ13

BG-dominated

Golden

Golden+Platinum Golden+Platinum

Golden

CP ViolationMass Hierarchy

Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119



Add Silver Channels
Matter density correlation better
not competitive to platinum with 
detector upgrade

Effect of
correlated

matter effect

Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119

Mass Hierarchy CP Violation



Single Detector Effort
Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119

Mass Hierarchy CP Violation



Double Detector Effort
Huber, Lindner, Rolinec, Winter, 2006 hep-ph/0606119

Compare to 
(Golden)2L:

If better in some 
region, real 

synergy effect!

Compare with 
each other: If 

similar impact,
concentrate on 

better one?

(Thick curves: two baselines)

Mass Hierarchy CP Violation



Physics Case : Large 

CP violation (3σ)

Mass hierarchy (3σ)

sin22θ13 (5σ)

Discovery reaches for:

sin
2
2θ13



Physics Case : Intermediate sin2
2θ13

• Typical physics case for 
a neutrino factory.

• Improved detector and 
magic baseline is 
sufficient to make 
physics case.



Physics Case : Small sin2
2θ13

• Clear Physics Case for 
neutrino factory with een 
with moderate 
improvement.

• Optimal reach for 
improved detector and 
magic baseline.



Summary of Neutrino Factory Optimization

• A lot of works have been done and more works are being undertaken.

• For                                there is a strong case for a neutrino factory, which 
gives the best sensitivity of CP violation.

•  For                                , T2HK and a neutrino factory are comparable. For a 
neutrino factory, systematic uncertainty, in particular from matter density, is 
important and should be reduced. (The study is going.) 

sin
2
2θ13 < 0.01

sin
2
2θ13 > 0.01



Summary of the Second Lecture

• A neutrino factory is a next-generation highly intense neutrino facility. 



Beta Beam



• The “Beta beam” is a future neutrino facility which produce pure and intense 
(anti) electron neutrino beams, by accelerating radioactive ions and storing 
them in a decay ring. 

• Proposed by Piero Zucchelli
• Phys. Lett. B532 (2002) 166 - 172.

•

What Is a Beta Beam ?



6

2He →
6

3 Li + e
−

+ ν̄e

18
10Ne →

18
9 F + e

+
+ νe

• Considerations
• need to produce reasonable 

amounts of ions.
• not too short lifetime to get 

reasonable intensities.
• not too long lifetime 

otherwise no decays at high 
energy.

•

Ion Choice for Beta Beam

average energy = 1.94 MeV

average energy = 1.86 MeV

Electron Neutrinos

Electron Anti-neutrinos

lifetime = 1.94 MeV

lifetime = 1.86 MeV



Beta Beam Concept

Neutrino 
Source 
Decay 
Ring

Ion production 
ISOL target &   

Ion source

Proton 
Driver SPL

Decay ring
Bρ = 1500 Tm 
B = 5 T          
C = 7000 m     
Lss = 2500 m 
6He:   γ = 150 

SPS

Acceleration to 
medium energy  

RCS

PS

Acceleration to final energy
PS & SPS

Experiment

Ion acceleration 
Linac

Beam preparation 
Pulsed ECR

Ion production Acceleration Neutrino source



Decay  T1/2 BRν EC/ν 

β
ECI

 B(GT) EGR ΓGR QEC Eν ΔEν 

148Dy→ 148Tb* 3.1 m  1 0.96 0.96 0.46 620  2682 2062   

150Dy→ 150Tb* 7.2 m  0.64 1 1 0.32 397  1794  1397   

152Tm2-→ 152ET
* 8.0 s 1 0.45 0.50 0.48 4300  520 8700  4400  520 

150Ho2-→ 150Dy* 72 s 1 0.77 0.56 0.25 4400  400 7400  3000  400 

 

Monochromatic Neutrino Beam (Electron Capture)


