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Outline

Brief experimental and theoretical review
Current framework
Latest results on mixing angles

Current status of 
CP

 search
Latest results from T2K (very timely conference!)

Future experiments
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LBNO, ESSSB, neutrino factory...

Majorana Neutrinos
Neutrinoless double beta decays
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Surprises from Neutrinos...

Very small neutrino masses, 
but not zero as postulated in 
the SM.

Mixing angles very different 
from quark angles.

Can neutrinos explain the 
matter-antimatter asymmetry 
in the universe?

Baryon Density
Masseless  masses = 1.9 GeV 
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3 Flavour Oscillations
U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:

The PMNS mixing matrix is usually written in terms of 3 
rotation angles: 

12
, 

23
, and 

13
 and a complex phase 

For anti-neutrinos:
U →  U*

CP conservation requires U is real   = 0,
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Probabilities (=0)

Note:

8 parameters to measure:

m2

ij
=m2

i
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What do we know now?

Note: 
13

 can be measured at LBL experiments from 

→ 

e
 (dependence on 

CP
) and 

reactor neutrinos from 
e
 → 

e
 disappearance (no dependence on 

CP
)
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Open Questions in Neutrino Physics




< 45?
Atmospheric ν, T2K, NOνA, . . . . . .

Mass Hierarchy?
NOνA, Atmospheric ν, Day Bay II, RENO-50, SN ν, . . .

CP violation? 
NOνA, LAGUNA-LBNO, LBNE, Hyper-K, . . .

Absolute Mass Scale?
β Decay, Neutrinoless Double-β Decay, Cosmology, . . .

Dirac or Majorana? 
Neutrinoless Double-β Decay, . . .

Beyond Three-Neutrino Mixing ? Sterile Neutrinos ?
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CP Violation in LBL Experiments

CP violation will manifest itself in neutrino oscillations, due to 
the delta phase:

P(νμ →νe ; t )−P ( ν̄μ→ν̄e ; t )

4 s12c12 s13c13
2 s23 c23sinδ [sin(

Δ m21
2 L

2 E
)+sin (

Δm23
2 L

2 E
)+sin (

Δm31
2 L

2 E
)]

=

CP Violation requires all angles to be non-zero
It is proportional to the sine of the delta phase
CPV needs to be searched for in long baseline neutrino 

experiments which have access to 3-neutrino oscillations
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CP Violation in LBL Experiments
The CP asymmetry peaks for 

sin22
13

 ~0.001. 

Large 
13

 makes searches 

possible but not ideal.
CPV effects more pronounced 

at low energy.
Perburbative expression of the 

oscillation probability in matter:

P. Coloma, 8 E. Fernandez-Martinez, JHEP1204

Pμ e≃4c23
2 s13

2 1

(1−r A)
2
sin2 (1−rA)Δ31 L

4 E

sin 2θ12 sin 2θ23 s13

Δ21 L
2 E

sin
(1−r A)Δ31 L

4 E
cos (δ−

Δ31 L
4 E

)+s23
2 sin22θ12

Δ21
2 L2

16 E2

4 c23
2 s13

4 sin2 (1−rA)Δ31 L
4 E Crucial to know mass ordering

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773;...

+

-
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Neutrino Masses Hierarchy

The (atmospheric) mass ordering is 
unknown (normal or inverted)
The absolute neutrino mass scale is 

unknown (< eV). 
In theory: three cases

Normal hierarchy: m
1
 < (Δm21

2)0.5

Inverted hierarchy: m
3
 << |Δm31

2|0.5

(Quasi-)Degenerate: m
1
 ~ m

2
 ~ m

3
 

>> |Δm
31

2|0.5

Lower bound on neutrino neutrino masses from Δm
31

2 ~ 0.0024 eV2:

Normal hierarchy: m
3
 ~ 0.05 eV

Inverted hierarchy: m
1
, m

2
 ~ 0.1 eV

Neutrino mass hierarchy as flavour model discriminator (Albright, 
Chen, hep-ph/0608137)

NH IH



12

Mass Hierarchy Experiments

There are currently three 
approaches to mass ordering 
measurement.
Having all three approaches will 
guarantee high-CL 
determination and independent 
confirmation.

Long Baseline 
Beam (e.g.NovA + 
T2K, LBNE, etc.)  

Atmospherics (e.g. 
PINGU, Hyper-K)

Reactor Long 
Baseline (e.g. Juno)

Benefit Robust, clean 
signal

Predictable 
Timescale/cost

Independent 
technology

Risk (osc. params) 
CP

,
23


23

-

Challenges Timescale Energy res, directional 
res, particle ID

Energy resolution

PINGU LOI, 
arXiv:1401.2046

W.Winter, Neutrino2014
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The Tokai to Kamioka Experiment (T2K)

Almost monochromatic 
beam at ~600MeV at 2.5° 
off-axis.

Take advantage of Lorentz 
Boost and 2-body 
kinematics.

Pure 

 beam with <1% 

e
 

contamination

Oscillation 
Maximum
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Oscillation Searches at T2K
T2K is optimized for both appearance and 
disappearance searches

Appearance


e
 Appearance: determine 

13
, constrain 

Disappearance



 Disappearance: determine 

23
 and m

32

2

For maximum power fit both data samples jointly

sin22

m2

Phys. Rev. Lett. 112, 061802 (2014)

Phys. Rev. Lett. 112, 181801 (2014)
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
e
 appearance in a 


beam with 

7.3 significance
Best fit value for sin22

13
 larger 

than the reactor value
Due to 

CP
-sin2

13
 correlation, 

when applying the reactor 
constraint, region with sin22

13
 

small as possible is favoured.

T2K Observation of 
e
 Appearance

Maximum 
likelihood 
fit in (p

e
,

e
)

REACTOR MEASUREMENT 
sin22

13
 = 0.098 ± 0.013

sin22θ13=0.136−0.033
+0.044

sin22θ13=0.166−0.042
+0.051

Marginalized over 
23

 and m2

32

Phys. Rev. Lett. 112, 061802 (2014)
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T2K Joint 

+

e
 Analysis

Likelihood ratio fit to 
both 


 + 

e
 event 

samples
Plot includes constraint 

from reactor experiments 
as given by the 
PDG2013 (sin22

13
 = 

0.095 ± 0.01)


CP

 excluded 

regions

Preliminary

Best fit 90%CL ()

NH -0.495 [0.146;0.825]

IH -0.495 [-0.080;1.091]

T2K has a slight 
hint for 

CP
 ~ /2

Future: Neutrino & Anti-neutrino running

NEUTRINO2014

sin2θ23, Δm232 and sin22θ13
are marginalized following the
3D Δχ2 surface from Run1+2+3+4

FC = Feldman Cousin
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T2K Future Sensitivity to 
CP

Sensitivity studies to resolve sin
CP

0 with 7.8  1021 POT ( now ~8%). 

Best sensitivity expected for 50% and 50% anti- beam running.

Using joint oscillation analysis with 
realistic 2012 systematic errors 
(~10% 

e
, ~13% 


)

T2K data only

T2K+NOA data

Using GloBES, with 50% 
and anti- running for NOvA 
too. Solid lines: no syst. error.

NH

NH

Limited sensitivity to 
CP

, more powerful experiments next decades
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Hyper-Kamiokande

Use upgraded J-PARC neutrino beam line (same as T2K) with 
expected beam power >750kW.
Hyper-Kamiokande: world largest water Cherenkov detector 

~1Mton. Same location as Super-Kamiokande.
Selected as one of the 27 top project in the Japanese master plan 

for large research projects by the Council of Japan
Expected data taking around 2025

Hyper-Kamiokande

J-PARC Main Ring
Neutrino beamline

( KEK –JAEA )

(Total volume: ~1M ton)
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Hyper-K Sensitivity to 
CP

 

76% of δ for 3σ

58% of δ for 5σ

CPV discovery sensitivity to 
CP

=0, w/ MH known

Fractional region of for which 
the CPV (sin 0) significance is > 
3  coverage for nominal beam 

power): 

CPV > 3 (5) for 76%(58%) of 

1uncertainty of as a function of 
the beam power:  < 19°(6°) for  = 
90°(0°)

Nominal beam power

Letter of Intent to J-PARC, 2014
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Hyper-K Sensitivity to MH

Use atmospherics for 3 mass hierarchy determination.
3 mass hierarchy determination for sin2

23
 > 0.42 (0.43) for 

normal (inverted) hierarchy for 10y data taking.

10 years10 years
CP

=40° sin2
23

=0.6

0.5

0.43


Normal hierarchy

Significance for MH 
determination as a function 
of Hyper-K lifetime

0.42 0.43

arXiv:1109.3262



21

LBNE

LBNE will consist of:
An intense neutrino beam originating at Fermilab
At least 34kt liquid argon time-projection chamber (TPC) at  

Sanford Laboratory 1300km from Fermilab
Endorsed by the P5. Starting data taking ~2025.
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LBNE Sensitivity to 
CP

 and MH

LBNE experimental Technique:
Produce a pure muon beam with 

energy spectrum matched to 
oscillation pattern at selected 
distance
Measure spectrum of 

e
 and 


 at 

selected distance

 
 d

is
ap

pe
ar

an
ce


e  appearance

arXiv:1307.7335
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LBNE Sensitivity to 
CP

 and MH

Mass hierarchy is very well determineded over most of the 
CP

 range

CPV>3 over most of range and >5 for maximal CPV
Atmospheric neutrinos provide independent check on MH

Exposure 245 kt.MW.yr
34kt  1.2MW  (3+3)y

arXiv:1307.7335
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EU-based Design Studies

Two ongoing design studies in EU:
LBNO: 
Long baseline from 
CERN to Finland 
(2300km), 1st and 2nd 
oscillation max. FP7 
Design Study (2008-
2014); WA105: LAr 
kton prototype @ 
CERN (2014 →)

ESSSB: 
Neutrino beam from 
European  Spallation 
Source Linac (Sweden)
1st and 2nd maximum
Optimizing far site

LBNO
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Neutrino Factory

A Neutrino Factory is an accelerator 
that produces intense neutrino beams 
from the decay of muons:
+→ e+ + 


 + 

e                 
-→ e- + 


 + 

e

10GeV Neutrino Factory:
CP violation 5σ coverage is 85% 
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More Planned Experiments

MOMENT (China): a muon decay baseline neutrino facility 
[arXiv:1401.8125]
DAEALUS: cyclotron-driven 


→ 

e
 search for non-zero CP 

[arXiv:1307.2949]
…..
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Majorana Phases

Majorana Constraint:    = C

The delta phase can be tested in neutrino oscillations.

The Majorana phases can enter only Lepton Number 
Violating processes and are currently completely unknown.
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Neutrinoless Double Beta Decays 

ii

W– W–

e– e–

Nuclear ProcessNucl Nucl’


i

The half-life time depends on neutrino properties

Neutrinoless double beta decay, 0, 
(A,Z) →(A,Z+2)+2e will test the nature of neutrinos   

Observation would imply  L 
and i = i , making the 
neutrinos very different 
from the charged leptons 
and quarks.

Mixing angles (known) CP phases (unknown)

<m>=m
ee

 

the effective 
Majorana 
mass 
parameters
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CP Violation with 0 Decays

Broad experimental program for the future: a positive signal would 
indicate that L is violated!
If |<m>| and the masses are measured with sufficient precision, 

then it may be possible to establish CPV due to Majorana phases.

PDG2012 J.Hartnell, IoP2014
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See-saw Mechanism
Introduce a right handed neutrino ν

R
 

m
R

M can be arbitrarily large (not protected by SM symmetries)

LD+M
=−

1
2

( ν̄L
C

ν̄R )( 0 mD

mD mR
M)(

νL

νR
C)+H .c .

Diagonalization of                        ( 0 mD

mD mR
M )⇒mlight≃

(mD)2

mR
M ,mheavy≃mR

M

If one of the eigenvalues goes up the other goes down 
(seesaw mechanism)
Natural explanation of smallness of light neutrino 
masses
Seesaw type I models can be embedded in GUT 
theories and explain the baryon asymmetry via leptogenesys



N
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Conclusions
First joint fit from T2K data with a reactor constraint           

give hint that 
CP

 is consistent with -/2.

The T2K data has restarted running with anti-
T2K is being joined by NOA in this search.
Several experiments being studies for much higher sensitivity 

to CP violation.
Hyper-K (Japan) and LBNE (US) are at the forefront of this 

search. Expected to start to take data around 2025.
More experiments planned at different timescales.

LBNE

Majorana CP violation will be addressed by future 0 experiments.
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Stay tuned for some exciting news from neutrinos!
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Additional Slides
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3 Flavour Oscillations

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix 
in 3-dimensions. 
The oscillation probability is: 
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What do we know now?
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Probabilities (=0)
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Reactor Experiments
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Probabilities (=0)

Two types of experiments:
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MINOS
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Reactor Experiments

1615 m

363 m
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Reactor Experiments

b
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T2K 
CP

 (Bayesian method)
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