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Questions for the future

� What is the nature of neutrinos ?

Whether they Majorana (� = �� ) or Dirac (� 6= �� ). Majorana neutrinos

violate the lepton number. �� 0� decay

� Absolute value of neutrino masses ?

Needed the type of hierarchy and the mass scale of the lightest neutrino:

�� 0� decay, LBL oscillations, 3H � decay

� Leptonic CP-violation ?

� 6= 0; � and/or � ij 6= 0; � . LBL oscillations, �� 0� decay

� Precision in the measurement of � ?

� 23 = �= 4 or � 23 6= �= 4 LBL oscillations
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� and the sign of � m2
31 can be measured in long baseline appearance

� -oscillation experiments: they use a manmade �ux of neutrin os with

detectors located at 100s-1000s of km away.

These accelerator neutrino experiments search for � � (e) ! � e (� )

appearance:

P(� � ! � e) = sin 2 � 23 sin2 2� 13 sin2 � m2
31 L

4E

for subdominant matter effects and CPV.



2 – Long baseline neutrino experiments: theoretical aspect s

These oscillations take place in matter (Earth), (e� , p and n), ) Matter

effects violate CP . A potential V in the Hamiltonian

(V =
p

2GF (Ne � Nn=2)) describes matter effects.

The probability can be approximated as (for no CPV):

P� � ! � e = sin2 � 23 sin2 2� m
13 sin2 � m

13 L
2

The mixing angle changes with respect to the vacuum case:

sin 2� m = (� m2=2E ) sin 2�r �
� m 2

2E sin 2�
� 2

+
�

� m 2
2E cos 2� � V

� 2

and � m
13 =

r �
� m2

2E sin 2�
� 2

+
�

� m2

2E cos 2� � V
� 2

.
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For � m2 > 0, the probability gets enhanced for neutrinos and suppressed

for antineutrinos. Viceversa, for � m2 < 0. Matter effects imply that

P(� l ! � l0) 6= P(�� l ! �� l0)

If U is complex (� 6= 0; � ), we have CP-violation:

P(� l ! � l0) 6= P(�� l ! �� l0)

A measure of CP- violating effects is provided by:

ACP = P (� l ! � l 0)� P (�� l ! �� l 0)
P (� l ! � l 0)+ P (�� l ! �� l 0) / JCP / sin� 13 sin�

It is necessary to disentangle

true CP-V effects due to the � phase

from the ones induced by matter:

degeneracies .
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In the range of energies (E � 0:5 � 4 GeV) and length

(L � 200� 1500Km), of interest, the oscillation probability for � � ! � e, in

3-neutrino mixing case, is given by:

P( �P) ' s2
23 sin2 2� 13

�
� 13

A� � 13

� 2
sin2 (A � � 13 )L

2

+ ~J � 12
A

� 13
A� � 13

sin AL
2 sin (A � � 13 )L

2 cos
�
� � + � 13 L

2

�

+ c2
23 sin2 2� 12

�
� 12
A

� 2
sin2 AL

2

with ~J � c13 sin 2� 13 sin 2� 23 sin 2� 12 and � 13 � � m2
31=(2E).

A �
p

2GF �ne.
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In the vacuum case, for simplicity, we identify 2-, 4- and 8- fold degeneracies

[Barger, Marfatia, Whisnant]:

� (� 13; � ) degeneracy [Koike, Ota, Sato; Burguet-Castell et al.] :

� 0 = � � �

� 0
13 = � 13 + cos� sin 2� 12

� m2
12 L

4E cot � 23 cot � m2
13 L

4E

� (sign(� m2
13); � ) degeneracy [Minakata, Nunokawa]:

� 0 � � �

sign0(� m2
13) � sign(� m2

13)

� � 23; �= 2 � � 23 degeneracy [Fogli, Lisi].
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Future LBL experiments:

1. Superbeams : a very intense � � beam. Intrinsic � e background. Typical

energies: 100 MeV to few GeV ! WC, LiAr or scintillator detector.

2. Beta-beams : � e beams given by the � -decays of high-gamma ions.

Same energy and type of detector as for superbeams.

3. Neutrino factories : � � -� e beam from high-
 muons (20 GeV - 50 GeV).

The detector needs to be magnetised to distinguish the signal from the

background. A new concept for a neutrino factory uses muons at low

energy (GeV) and requires a magnetised detector with a threshold below

1 GeV, as a Liquid Argon Detector or a Scintillator detector.
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Flux and Baseline

� The statistics plays an important role in determining the physics reach.

� Backgrounds depend on the type of beam: superbeams have an intrinsic

background which limits the reach for very small � 13. Betabeams have a very

“clean” beam but they might be limited in �ux and energy. Neut rino factory

beams could be very well controlled.

� The longer the baseline the stronger matter effects in the oscillations. This

implies an increased sensitivity to the type of neutrino mass spectrum.

� The longer the baseline the higher the energy as the experiments try to

increase the sensitivity by having the average energy at �rs t oscillation

maximum. Higher energy typically implies higher cross section but also

impacts on the type of detector used (WC versus LiAr vs scintillator vs iron

magnetised).
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Detector

� The sensitivity of these experiments depends very much on the properties

of the detector (backgrounds, energy resolution, size). It is critical to perform

detailed simulations of these detectors.

� Superbeams and betabeams do not need magnetisation which is instead

necessary for neutrino factory.

� The energy resolution and the threshold determine the ability to exploit the

rich oscillatory pattern and therefore resolve degeneracies.

� The size and ef�ciency determine the statistics which can be reached, this

is very critical for betabeams.

� Systematics errors might be the future limiting factors.
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Present conventional beams use � � sourced from pion decays to search for

� � disappearance and � � appearance.

P(� � ! � � ) = sin 2 2� 23 sin2 � m2
A L

4E

� OPERA: from CERN to Gran Sasso where the OPERA detector is located.

It looks for � � appearance to check for the oscillation hypothesis of the

atmospheric and accelerator neutrino disappearance.



4 – Conventional and �rst generation superbeam experiments

� MINOS: NUMi beam sourced at Fermilab with iron magnetised detector at

735 km distance. It will determine � m2
A with � 10% uncertainty.

It can improve the present sensitivity on � 13.
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4 – Conventional and �rst generation superbeam experiments

Superbeams use a more intense � � beam from � (K ) decays and search for

� e appearance. They can be off-axis (nearly monochromatic beam and

reduced backgrounds) or on-axis.

[NOvA proposal]



4 – Conventional and �rst generation superbeam experiments

� In 2009, T2K will start: uses a baseline of 295km (2o–3o OA) and SK as a

detector. Its main goal is to discover � 13.

[T2K LOI]



4 – Conventional and �rst generation superbeam experiments

� NO� A: NUMi beam with scintillator detector at 800 Km distance (0:85o

OA). Aimed at � e appearance.

[http://www-nova.fnal.gov/] [NOvA proposal]
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� T2K-II: beam upgrade and Mton WĈ detector (or two, with one in Korea)

[Ishitsuka et al., PRD72 and subsequent works] [Kajita, Kim, Rubbia, 2008]



5 – Superbeams

� Wide band beam with 100kton size detector

Exploits the energy resolutions and the wide spectrum to resolve

degeneracies and determine CP-violation.

[Barger et al.; Huber et al.]
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In betabeams ions are accelerated to high gamma and then stored in a

decay ring. From their beta decays a pure beam of � e is produced with a well

known spectrum. [Zucchelli; Mezzetto; Huber et al.; Donini et al.; Bouchet et al.; Campagne et

al.; Agarwalla et al.; Rubbia et al.; Cervera et al.]

� low energy option: 
 � 100with 6He and 18Ne and L = 130 km

(CERN-Frejus). No sensitivity to matter effects.

� high energy: 
 � 400with longer distances. Improved sensitivity.

� high Q-value: use of 8B and 8Li for a high neutrino energy.



6 – � -beams

Current SPS Upgraded SPS

Isotope EP 
 E � Lmax 
 E � Lmax

MeV GeV km GeV km

18Ne 1.86 250 0.93 460 592 2.20 1090

6He 1.94 150 0.58 288 355 1.38 682

8B 7.37 281 4.15 2051 666 9.82 4859

8Li 6.72 169 2.27 1122 400 5.37 2658



6 – � -beams

Consider a betabeam with intermediate 
 and long baseline in Europe.

� 
 = 450 for 18Ne with 5 � 1021 ions-kton-years.

� long baseline L = 1050 km (CERN-Boulby): new possibility to build large

caverns at Boulby to host 10-kton detectors
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[Meloni, Mena, Orme, Palomares-Ruiz, SP, JHEP]
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� The beam is sourced from high gamma � decays, � � ! e� �� e� � . It is

necessary to detect wrong-sign muons.

� Very long baselines and high energies (E � � 20� 50GeV) .

� The baseline detector is a 50 kton iron magnetized detector located at

3000 km and 7000 km (magic baseline).
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Due to the high statistics and baselines, this experiment has a very strong

physics reach also for small � 13.

[Huber et al, PRD74]



7 – A neutrino factory

� For lower thresholds, it is possible to reduce the energy of the muons

(streamlining the acceleration steps) and correspondingly the distance:

low-energy neutrino factory concept.

We performed an analysis of a low energy neutrino factory:

� short baseline, L = 1480 km;

� �ne grained magnetized detector TASD (ef�ciency: 73%).

� low energy threshold: 0.5 GeV and dE=E = 30%

� Setup A: 1 � 1023 kton-decays; Setup B: 3 � 1023 kton-decays



7 – A neutrino factory

The exclusion plots for the type of hierarchy.

For values of sin2 � 13 as small as 0.003 (for Setup A, background � 10� 3)

and 9 � 10� 4 (for Setup B, background � 10� 3), it can be established

independently from the � phase!
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CP-violation reach:

Sensitivity to CPV for sin2 � 13 down to few � 10� 4.
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A summary of the sensitivity of some studied setups:

Sensitivity to CPV and the type of neutrino mass hierarchy [from the ISS study]
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8 – Conclusions

� Establishing the type of hierarchy and CP-violation are two of

the crucial questions in neutrino physics for the future.

� If � 13 is within reach of the upcoming generation of reactor

and accelerator neutrino experiments, the quest for CP-violation

and matter effects will soon be possible.

� The physics reach depends critically on the type of LBL

experiment and on its experimental details (baseline, �ux,

detector). Various joint experimental-phenomenological

international studies (EUROnu, LAGUNA, IDS) aim at making

the analysis of these facilities more precise and reliable.


