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1 — Outline

Present knowledge of neutrino masses
(direct mass searches, cosmology)

Type of hierarchy
1) Neutrinoless double beta decay
2) LBL v-oscillation experiments:
- matter effects

- solving degeneracies

. finding the type of hierarchy with no degeneracies.

Conclusions




2 — Present status

Amgtmhgp =2.1x 1073 GVQ,

Amgtm\BF =28 x 1073 eV~.

Stay tuned for MINOS results soon to come!!

Amé < Am?

atm




2 — Present status

The existence of neutrino oscillations is crucial in our understanding of

neutrino physics as it implies that

NEUTRINOS ARE MASSIVE AND THEY MIX.

Future questions:
. Dirac vs Majorana particles.
absolute values of

establish CP-violation in the lepton sector.

Number of neutrinos (sterile v).




3 — Neutrino masses

Amg < AmZ,, implies at least

Il Nnvverted ordering

Amz

$

pals oV

D e——————
—_—_— ZI

A mg,

mi = MMIN ms3 — TMMIN
. 2 i 2 2
mo — \/mM1N2 - AmQ mq — \/mMINQ - Amatm = Am@
. 2 2 = 2 2
m3 — \/mMIN - Amatm Mo — \/mMIN - Amatm

Measuring neutrino masses requires to know Ezgi¥s\al and sign(Am%l) :

We can identify 3 types of spectra:
NH: M1 < mo < Mg

IH: hs < 1 >~

QD: M1 ~ Mo ~ M.




3 — Neutrino masses

Absolute mass scale

v oscillations are sensitive only to Am?.

Direct mass searches in experiments.
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The present limitis 1y < 2.2 eV (Troiztk and Mainz).

KATRIN can reach a sensitivity to mg ~ 0.2 eV, covering all the QD
spectrum!!!t




3 — Neutrino masses

observations.

Exploiting the effects of massive neutrinos on structure formation in the Early
Universe it is possible to constrain the sum of neutrino masses.
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Present: > ~ 0.5-1.5eV  Prospects: 22 ~ 0.1 eV.




3 — Neutrino masses
Type of hierarchy

. It can distinguish between different types of spectra
(NH, IH, QD). The role of sin” 6,5 is subdominant.

(requires sizable sin? #;3):
a) LBL neutrino oscillation experiments. Degeneracies arise with the

CP-violating phase 0.

b) atmospheric neutrinos.

Vacuum neutrino oscillations: require very high precision measurement of

Am?

atm*




4 — (B3)o-decay

RS EEEEERE I (. 7) — (A, 7 +2) + 2" ishe

most sensitive of processes ( ) which can probe the

(Dirac vs Majorana).

(ﬁﬁ)oy—decay has a special role in the study of neutrino properties, as it
probes the violation of , and it might provide
iInformation on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V .




4 — (B3)o-decay

The half-life time, Téf, of the (ﬁﬁ)gy-decay can be factorized, for light

Majorana neutrinos, as:

|<m >

|<m>\ — | m1|U61|2 + m2|U62|26i&21 + m3|U63|26i0‘31 | ,

The present bound on |<m >|reads |<m >| < (0.35 — 1.05) eV
(Heidelberg-Moscow), |<m >| < (0.20 — 1.05) eV (Cuoricino) and
l<m>| < (0.65 —2.8) eV (NEMO3).

In 2002 and with a new more detailed analysis, evidence of ((33)q,-decay
was reported [Klapdor-Kleingrothaus et al., PLB 586 198 (2004)].
|[<m>| gp=440meV  120imeV === o i

The next generation of (33)q,-decay exp (SuperNEMO, EXO, Majorana,
CUORE, Cobra ...) aimto |[<m>| ~ 10 — —30 meV .




4 — (B3)o-decay

The predictions for | < m >| depend strongly on the type of spectrum.

[<m>| ~ w [ AmZ cos? 13 sin? O + / Am2,,, sin® 1332

atm atm

Am2,  cos20p < |<m>| ~ (1 — sin*(20) sin® %)AmQ < Am?2

| <'m >| has a significant lower bound
0.01 eV S |<m>| $0.06 eV

|<m >|is in the range of sensitivity of the upcoming (63)0,-decay experiments.

l<m>| ~mg, (0082 O + sin? «9@6““21) cos? 013 + sin® O3

All the allowed range for |<m >| is in the range of sensitivity of present and

upcoming ((303),-decay experiments.




4 — (B3)o-decay

For the IH and QD spectra, present and/or future exp will probe the allowed values of
|l<m>|.

As cos 205 > 0.25, IR ROAS AT R -

the value of 0 3.

This is independent from




4 — (B3)o-decay

A careful analysis yields:

Perfectly known NME Factor 2 uncertainty from NME  Factor 3 uncertainty from NME
T T g 10

4 10° 102 10T 10 10° 107

observed |<m>| [eV]

10

[ No information on the mass ordering [ Either IH or QD spectrum
[ 1 Inverted ordering excluded at 20 [ 1 QD with no information on ordering
---- Totheright asignal isobserved at 20 —— To theright the NH spectrum is excluded

sin’e,, = 0.03+0.006, Sin’6,, = 0.31 3%, Am., = 8x10°" * 2%, |Am | =2.2x10" 3%

The nuclear matrix uncertainties have a mild impact.

-1




5 — LBL oscillation experiments

Long base-line neutrino oscillation experiments are sensitive to matter
effects: neutrinos travelling through the Earth are affected by matter and a
potential V' appears in the Hamiltonian (V' = v/2Gr (N, — N,,/2)).

The mixing angle changes with respect to the vacuum case:

For Am? > 0, mixing gets for neutrinos and suppressed for

antineutrinos.

For Am? < 0, the opposite happens.




5 — LBL oscillation experiments

Matter effects imply that
Py, — vy) # P(vy — Dp)

If U is complex we have CP-violation:

P(Vl — Vl/) 7é P(ﬂl — Dl/)

There are degenerate solutions:

It is necessary to disentangle
true CP-V effects due to the ¢ phase

from the ones induced by matter:




5 — LBL oscillation experiments

In the range of energies (£ ~ 0.5 +— 4 GeV) and length
(L ~ 200 -+ 1000 Km), of interest, the oscillation probability for v/, — 1, in

3-neutrino mixing case, Is given by:

TA12 Az iy AL o (AFA
+J =5 TR sin 57 sin

—|—C%3 SiIl2 2(912 (—

with J = ¢y3 sin 2693 sin 2615 and A3 = Am3, /(2F).
A= \/iGFﬁe.




5 — LBL oscillation experiments

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

(013, 0) degeneracy
Y =7m-9

. Am2, L
"o = 013 + cos 0 sin 2015 =2

4F

Am%3L
4F

cot O93 cot

(sign(Am3,), 0) degeneracy
0’ T—90
sign(Amg;) —sign(Amis)

03, m/2 — 053 degeneracy




5 — LBL oscillation experiments

6

sin® 2 0,,=0.058

§=300
L=810 km




5 — LBL oscillation experiments

Degeneracies worsen the sensitivity of future experiments to 643, the type of
hierarchy and CP-violation.
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5 — LBL oscillation experiments

~ e 3 - 2
Sensitivity to the sign of Amg,
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5 — LBL oscillation experiments

It is crucial to resolve such degeneracies. For example:

combination of different channels: gold (v, — 1) + silver channels

Ve — V7).

use different energies and/or baselines: NUMI + T2K.

use energy spectrum.

reactors neutrinos + LBL exp.

atmospheric neutrinos + LBL.




5 — LBL oscillation experiments

1. Superbeams.
2. Neutrino factories.

3. Beta-beams.
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5 — LBL oscillation experiments

Superbeams (NOVA, T2K, BNL):

a very intense v/, beam produced Iin 7T:|:, K+ decays to search for v,
disappearance, I/, appearance and /- appearance.

Off-axis detector to achieve a narrow energy beam.

Energy of hundred of MeV to few GeV.

Distance 700—1000 Km.
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5 — LBL oscillation experiments

Due to the sufficiently long baseline ~ 800 Km and beam intensity, NOvA
would be the first LBL experiment sensitive to the type of hierarchy.

2 o Resolution of the Mass Hierarchy

L =810 km, 12 km off
am,# =25 107 oV

4 Each v and v :
Po— 10.5x10" pot, Am® > 0}
L = 19.56x107 pot, Am” < 0}
F "
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However, the degeneracy with 9 limits the capability of NO VA to

determine the hierarchy




5 — LBL oscillation experiments

| propose a new approach for lifting the degeneracy and
determine the type of hierarchy free of degeneracies  using

just (the NUMI off-axis beam and 2 detectors):

Super-NO VA

The improvement with respect to NOVA Is remarkable!




5 — LBL oscillation experiments

requires:

NUMI beam

2 detectors offaxis: NOrA detector + WC or LIAr
with the

sequencing of the experiment:

phase | as in NOVA

phase Il, construction and data-taking of the second detector.




5 — LBL oscillation experiments

In order to achieve a narrow energy spectrum, the proposed experiments
(NOVA, T2K) plan to put the far detector off-axis by a small angle (few mrad).

Due to the kinematics of the 7 decay, the spectrum peaks at a lower energy:
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Choosing the off-axis angle it is possible to control the peak energy.




5 — LBL oscillation experiments

For the near-off-axis detector, | exploit the fact that the Earth is curved.

NuMI Beam

Fermilab é

Putting a detector on the surface at closer distance (few hundred Km), the
angle of the neutrinos which reach the detector with respect to the on-axis, is
given by

~ LrFAR—LNEAR
& — 2R




5 — LBL oscillation experiments

The normalised difference of the oscillation P at baselines L and L, for
the same F'/L, is :

D — PN Pr ~ AvLy—ArpLp 1 1
1 = T (— tan(AaT./2)

- Pn+Pp T 2 A13L/2) o tan(AlgL/Q)

as the dominant CPV term

cancels out.

sin® 2 8,;, = 0.07 I sin® 2 8,;, = 0.02

L, (Km)= 200 434 500600 L, (Km)= 200 434 500600
1 1 N 1




5 — LBL oscillation experiments

The NO and 10 cases are well distinguishable.
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5 — LBL oscillation experiments

Choosing a type of second off-axis detector and placing it at the optimal

200 km distance (the larger the baseline difference the stronger the effect):

L=810 km
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5 — LBL oscillation experiments

The degeneracies weaken and the sensitivity increases for larger second
off-axis detector.

conventional beam proton driver
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5 — LBL oscillation experiments

For the determining the type of hierarchy, no antineutrino run would be
required. However NOVA plans to run in . This open up the
possibility to search for

Phase I|: 3+3 years. Phase 2: 3+1 with a proton driver years.

95 % CL Sensitivity to CP Violation

100 kton WC

e e




5 — LBL oscillation experiments

The NOVA proposal itself considers the possibility of a second off-axis
detector but at second oscillation maximum. The cancellation of CP-violating
effects does not take place in this case and both neutrino and antineutrino

running need to be considered.
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5 — LBL oscillation experiments

Further in the future other possibilities can be considered.

By exploiting matter effects in large detectors it is possible to obtain

iInformation on the type of hierarchy.

Either a Mton WC detector and > 10 years of data taking is required or a
100kton iron magnetized detector (charge identification!!!).

INO proposal for an iron detector in India.

The typical sensitivities for type of hierarchy for sin” 26,3 > 0.02 — —0.03.




5 — LBL oscillation experiments

Due to the short distance T2K alone has no sensitivity to matter effects.

Add a second detector:

Sensitivity to mass hierarchy
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5 — LBL oscillation experiments

Combine with atmospheric neutrino data:

True hierarchy: normal True hierarchy: inverted

O
[Ze]
G
o
(1))
=)
-—
[
=
V]
=]
=

0.02 0.04 0.06 0.08 0.10 0.02 0.04 0.06 0.08 0.1

True value of silf‘.-’.@l .

[Huber, Maltoni, Schwetz]

In either case a (or 2) Mton detector is required and the time scale is
> 2010.




5 — LBL oscillation experiments

Neutrino factories:

v, and v, are produced in very relativistic muon decays.
Energies of 20-50 GeV.

Distance 3000—-7000 Km.

mmainm

fi .\(r A possible
{ layout of a
neutrino factory

12,71-13.1

90— 1215
ERMI LAR

Wy 1
Jisciy ring = 50 Ly : RS “l
= 3000 m mreurnieronce =

At present a new study IS being performed.




5 — LBL oscillation experiments

Beta-beams:

U, are produced by beta decay of accelerated ions.
Energies 200-2000 MeV.

Distance 100-1000 Km.

M. Lindroos et al., see http://beta-beam.web.ch/beta-beam
EURISOL

Existing at CERN

SPL

5T
GE80 m

: ! B

, Isol target v ! Lo L
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. New RFQ

For short baselines (CERN-Frejus) no sensitivity to matter effects. At least
600—700 Km are required, which implies high gamma factors (> 300 — 400).




5 — LBL oscillation experiments

Ultimate sensitivity in neutrino factories or beta-beams:

Fraction of (true) dcp

o
o

Normal hierarchy

Setup | (y=200, WC)
Setup 2 (y=500, TASD)
Setup 3 (p=1000,TASD)
NF @3000km

NF a7 500km

T2ZHK™

10"
True value of sin”™ 28,5




6 — Sinergy between (303)o.-decay and LBL exp

(ﬁﬁ)oy—decay and LBL exp are complementary in the quest for -masses.

They exploit completely different physics effects.

1) If sin® 26013 < 0.01 — 0.001, future generation LBL experiments will not
be able to resolve the type of hierarchy. (5ﬁ)oy-decay IS a viable alternative.

2) If v's are Dirac particles, (33)q,-decay will not find any signal. We have to

rely on LBL exp.




6 — Sinergy between (303)o.-decay and LBL exp

Strong sinergy: important information can be obtained from the

results.

If LBL establishes that is IH and (33), -decay reach a sensitivity of
|< m >| ~ 10 meV, without finding a signal, this implies that neutrinos are
Dirac particles .

|[<m>| < 10 meV with positive signal = NH, this solves the Am3,—0

LBL degeneracy and improves on the sensitivity to CP-violation.




7 — Conclusions

Establishing the IS one of the crucial

guestions in neutrino physics.
The type of hierarchy can be probed in:
1) ((3/3)0,-decay: for Majorana neutrinos, no dependence on 6;3.

2) LBL exp exploiting matter effects.

In the next future only NOVA has
sensitivity to the hierarchy. Problem of degeneracies.

. a setup with two detectors and only a neutrino beam

can resolve the type of hierarchy for sin” 20,3 = 0.02,

with no degeneracies.




